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Abstract
Current commercially available prosthetic systems still lack sensory
feedback and amputees are forced to maintain eye-contact with the
prosthesis when interacting with their environment. Electrocutaneous
stimulation is a promising approach to convey sensory feedback via
the skin. However, when discussed in the context of prosthetic appli-
cations, it is often refused due to its supposed incompatibility with
myocontrol.
This dissertation now addresses electrocutaneous stimulation as means
to provide sensory feedback to prosthesis users, and its implications
on myoelectric control, possible use for improved or accelerated mas-
tering of prosthesis control through closing of the control loop, as well
as its potential in aiding in the embodiment of prosthetic components.
First, a comparison of different paradigms for encoding sensory feed-
back variables in electrocutaneous stimulation patterns was done. For
this, subject ability to employ spatially and intensity-coded electro-
cutaneous feedback in a simulated closed-loop control task was evalu-
ated. The task was to stabilise an invisible virtual inverted pendulum
under ideal feedforward control conditions (joystick). Pendulum incli-
nation was either presented spatially (12 stimulation sites), encoded
by stimulation strength (≧ 2 stimulation sites), or a combination of
the two. The tests indicated that spatial encoding was perceived as
more intuitive, but intensity encoding yielded better performance and
lower energy expenditure.
The second study investigated the detrimental influence of stimula-
tion artefacts on myoelectric control of prostheses for a wide range of
stimulation parameters and two prosthesis control approaches (pat-
tern recognition of eight motion primitives, direct proportional con-
trol). Artefact blanking is introduced and discussed as a practical
approach to handle stimulation artefacts and restore control perfor-
mance back to the baseline. This was shown with virtual and applied
artefact blanking (pattern recognition on six electromyographic chan-
nels), as well as in a practical task-related test with a real prosthesis
(proportional control).
The information transfer of sensory feedback necessary to master a
routine grasping task using electromyographic control of a prosthesis
was investigated in another study. Subjects controlled a real pros-
thesis to repeatedly grasp a dummy object, which implemented two
different objects with previously unknown slip and fragility proper-
ties. Three feedback conditions (basic feedback on grasp success, vi-
sual grasp force feedback, tactile grasp force feedback) were compared
with regard to their influence on subjects’ task performance and vari-
ability in exerted grasp force. It was found that online force feedback
via a visual or tactile channel did not add significant advantages, and
that basic feedback was sufficient and was employed by subjects to
improve both performance and force variability with time. Impor-
tantly, there was no adverse effect of the additional feedback, either.
This has important implications for other non-functional applications
of sensory feedback, such as facilitation of embodiment of prosthetic
devices.
The final study investigated the impact of electrocutaneous stimula-
tion on embodiment of an artificial limb. For this purpose, a sensor
finger was employed in a rubber-hand-illusion-like experiment. Two
independent groups (test, control), were compared with regard to two
objective measures of embodiment: proprioceptive drift, and change
in skin temperature. Though proprioceptive drift measures did not
reveal differences between conditions, they indicated trends generally
associated to a successful illusion. Additionally, significant changes in
skin temperature between test and control group indicated that em-
bodiment of the artificial digit could be induced by providing sensory
substitution feedback on the forearm.
In conclusion, it has been shown that humans can employ electrocu-
taneous stimulation feedback in challenging closed-loop control tasks.
It was found that transition from simple intuitive encodings (spa-
tial) to those providing better resolution (intensity) further improves
feedback exploitation. Blanking and segmentation approaches facil-
itate simultaneous application of electrocutaneous stimulation and
electromyographic control of prostheses, using both pattern recog-
nition and classic proportional approaches. While it was found that
force feedback may not aid in the mastering of routine grasping, the
presence of the feedback was also found to not impede the user per-
formance. This is an important implication for the application of
feedback for non-functional purposes, such as facilitation of embodi-
ment. Regarding this, it was shown that providing sensory feedback
via electrocutaneous stimulation did indeed promote embodiment of
an artificial finger, even if the feedback was applied to the forearm.
Based on the results of this work, the next step should be integration
of sensory feedback into commercial devices, so that all amputees
can benefit from its advantages. Electrocutaneous stimulation has
been shown to be an ideal means for realising this. Hitherto existing
concerns about the compatibility of electrocutaneous stimulation and
myocontrol could be resolved by presenting appropriate methods to
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Traumatic or disease-related limb loss has a severe impact on the life of those
who have to suffer such misfortune, challenging them both physically and men-
tally, as well as psychologically. Thanks to modern prosthetics, affected people
can - after a certain rehabilitation phase - mostly still live an independent and
self-determined life. Recent advancements in this field continue to improve the
situation of amputees. Notably, the functional and aesthetic replacement of the
lower limb has reached a level that enables wearers of modern leg prostheses to
even practice many sports, including extreme sports. Arm and hand function,
however, are far more difficult to mimic and replace. Reasons for this can be
found in the high complexity of motions and actions we can perform with our
hands. This, of course, is made possible by the large number of joints and mus-
cles that are involved in hand motion, as well as the rich and complex sensory
feedback available to us.
A variety of devices is commercially available that can at least restore part of the
motor function of the human hand and arm, including dexterous artificial hands
where a number of joints are individually controllable by the user. There is one
thing, however, that is still completely missing, and this is a device that allows
the user to feel again.
Natural sensory feedback comprises a number of senses. Sensory cells enable us
to feel pressure, vibration, and temperature. Together, they form our sense of
touch and allow us to distinguish properties of different materials and objects.
Another sense we posses is proprioception, i.e., the sense of where our body parts
are relative to each other and how they move. When estimating their limb po-
sitions, and especially when planning and executing motions, healthy humans
depend on both vision and proprioception [1–3]. Prosthesis users, however, are
limited to visual control when it comes to checking if their arm or hand is in the
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1. INTRODUCTION
right place and position for a certain action. The lack of sense of touch means
that they are not able to ’sense’ the coldness of a beer glass, or the warmth of a
human touch. Unless they happen to glance at their hand, they may not notice
the slipping of the object they are holding, before they hear it crash on the floor.
So understandingly, somatosensory feedback is a feature that is highly desired
by prosthesis users. Surveys amongst prosthesis users revealed that lack of sen-
sory feedback is an issue and even plays a role in prosthesis abandonment [4].
And when asked about preferences for future improvement of prostheses, a vast
majority of participants wished for grasping force feedback and many desired a
temperature feedback as well [5].
Providing sensory feedback to amputees would go beyond merely fulfilling pros-
theses users’ desires to ’get back in touch’ with the world. A number of studies
support the hypothesis that inclusion of feedback may also advance control of
prostheses. Functional benefits include greater success at the task of grasping
and lifting objects of unknown weight [6]. Mental effort when manipulating frag-
ile objects could be tremendously decreased, while confidence could be boosted.
However, not all studies investigating closed-loop prosthesis control support this
hypothesis. Hence, this potential benefit is still discussed controversially, and
should be subject to further investigation.
Last but not least, it was shown that sensory stimulation, even if not event-
related, appears to be a promising treatment for phantom limb pain [7], a con-
dition affecting large numbers of amputees, and for which no effective, long-term
stable treatment has been found yet [8].
By integrating sensors into prosthetic devices, information on the prostheses’ in-
teraction with the environment and other system states like joint angles can be
collected. The emergence of flexible, stretchable electronic skins with tempera-
ture, pressure and vibration sensing capabilities [9] opens up new possibilities to
obtain even more sensory data. Technologically, it is therefore possible to gather
the information relevant to restore both the sense of touch and proprioception.
Consequently, the next challenge is to find ways to transmit this information to
the prosthesis user.
The following sections give an overview of the current academic state of the art
in ’feeling’ prostheses and different approaches to restore the sense of touch.
1.2 Background
1.2.1 Sensory feedback for prosthetic applications
The natural sensory feedback from our upper extremities, and especially from
our hands, is very rich and complex. Still, a lifetime of experiencing this feed-
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back tought us to derive from it much information on our interaction with the
environment, on properties of objects we are handling, and also our hands them-
selves with no or hardly any effort. For prosthesis users, however, who were just
recently deprived of this natural feedback, it does not seem feasible to overload
them with overly complex and multilayer artificial sensory feedback. Hence, there
is the need to select from the huge pool of possible feedback variables either a
single variable, or a subset of few variables. Touch or pressure on the skin [10],
grip force [11–15], temperature or information related to proprioception, such as
distance of thumb and finger tips (hand opening) [11,12], are counted among the
obvious choices and attracted interest in the past. But also other less obvious
variables were suggested, such as hand opening/closing speed and muscle activity.
Once feedback variables have been selected, a way needs to be found to trans-
mit the relevant information to the prosthesis user. In general, there are two
approaches how an artificial sensory feedback can be realized, so-called modality-
matched feedback, and sensory substitution, respectively [16]. Modality-matched
feedback exactly mimics the naturally occurring feedback conditions, e.g. pres-
sure is transmitted by mechanical pushers [10], or temperature information is
recreated by a heating and cooling element on the skin.
For sensory substitution, on the other hand, the modality of the feedback may
change, e.g. pressure information might be encoded in a vibration pattern.
While modality-matched feedback promises to be very intuitive, its implemen-
tation is often technologically challenging. Flexibility is far greater for sensory
substitution, but interpreting and internalising of this type of feedback also re-
quires greater openness and mental effort on the prosthesis user’s side. Both
approaches have been investigated for decades, and a number of proposals for
prosthetic systems with sensory feedback for the user have been made. These
include a myoelctrically controlled prosthesis hook with grip force feedback via a
motor-driven pusher [15], a robotic hand where pressure on the fingers is trans-
ferred to a pressure cuff around the user’s upper arm [17], and a hand prosthesis
with a sensing thumb, where pressure on the thumb, vibration and tempera-
ture were transferred to the upper arm by a squeezing device, including a vibra-
tor and a Peltier element [18]. The former all represent systems which aim for
modality-matched feedback. Sensory substitution systems include myoelectrically
controlled hands with electrocutaneous feedback for grip force [13, 14], myoelec-
trically controlled hands with electrocutaneous feedback on both grip force and
hand opening [11,12], and a simple hand and elbow prostheses with electrocuta-
neous feedback for both grip force and hand opening [11].
3
1. INTRODUCTION
1.2.2 Electrical stimulation for sensory feedback
Non-invasive electrotactile stimulation as means to provide sensory feedback to
prostheses users was proposed as early as the 1970s [11].
The principle of electrocutaneous stimulation is to create an alternating electric
field that penetrates the skin and changes the electric membrane potential of
the afferent nerve fibres in the skin. A nerve cell’s inherent resting membrane
potential typically measures around −0.07V. When the membrane is slightly de-
polarised and its potential is increased above a certain threshold, this causes the
nerve cell to release its neural transmitters and the electric nerve pulse is passed
on. Thus, non-invasive electric stimulation can elicit tactile sensations when a
sufficient number of afferent nerve fibres are depolarised by externally applied
electric fields.
The fields are induced by superficial electric currents which are applied via bipo-
lar electrodes. These electrodes can either be realised by placing two or more
spatially separated electrodes on the skin, or they can take a concentric form,
where an inner electrode is surrounded by an outer ring-shaped electrode. Fields
generated by spatially separated electrodes spread more and stimulate greater
areas of the skin. With concentric designs, electric current and resulting field are
more localised, which also leads to more localised sensations as only the afferent
nerve fibres in a small area of skin respond. Usually, alternating currents that
take the shape of biphasic current pulses are used for electrotactile stimulation,
as they are perceived as more comfortable and avoid accumulation of charge in
the skin, which can be harmful [19]. Figure 1.1 shows an example of such a pulse
train.
In order to change the quality and the strength of the perceived sensation a
number of parameters can be tuned, including current amplitude, pulse width,
and pulse frequency [20, 21]. Both quality and strength of the perceived sensa-
tion also strongly depend on the location of the stimulation and the distribution
and density of sensory cells and nerve fibres in the target skin area. In general,
electrotactile stimulation can be perceived as touch, pressure, buzz, vibration,
numbness, tingling and pain [21].
Recently, also invasive techniques move to the center of attention, as attempts are
made to create human machine interfaces on a neural level [22–27]. Different ap-
proaches for implantable electrodes have emerged, such as cuff electrodes, which
encase and target a whole nerve bundle, needle electrodes, which pierce the nerve
bundle and could target nerve fibres more selectively, or sieve electrodes, which
have microscopic holes that allow single nerve fibres to grow into the electrode.
However, implantation of invasive electrodes require delicate surgical procedures,













Figure 1.1: Example of a biphasic pulse train used for electrotactile stimulation.
Current amplitude Istim, pulse width pwpulse and pulse frequency fstim can be




As indicated, a number of exciting and promising studies investigated direct neu-
ral interfaces. However, these require additional surgical steps and long term
stability cannot yet be guaranteed. For user acceptance it is furthermore crucial,
that the prosthesis system is self-contained for easy donning and doffing. Hence,
non-invasive solutions need to be found, so that a large number of affected pa-
tients can benefit from the functional and medical advantages of sensory feedback
as soon as possible. This thesis is dedicated to investigating a sensory feedback
approach for prosthetics that promises a transition to the market in the very near
future.
From a user-centred point of view, electrocutaneous stimulation unites many ad-
vantages. It consumes less energy than mechanical solutions like vibrators or
pushers, thus having a positive effect on battery life, which should be at least
eight hours to suffice for daily use of the prosthesis. The technology is noiseless
and very compact, and could easily be integrated into the prosthesis socket, which
is essential for the self containment of the prosthetic system.
But there are challenges as well. Modern hand and arm prostheses are controlled
by myoelectric signals gathered by electrodes which are integrated into the pros-
thesis socket. With increasing complexity of a prosthetic device with regard to
number of joints that should be individually and even simultaneously control-
lable, there is a need to increase the number of electrodes, and high quality of the
control signals has to be guaranteed. With recording and stimulation electrodes
both integrated into the prosthesis socket, however, electrical fields are generated
in close proximity to the sensitive recording electrodes, resulting in stimulation
artefacts which interfere with the recorded control signals. This has detrimental
effects on the reliability of the control itself [12], and poses an issue that needs to
be handled.
The work underlying this dissertation was dedicated to investigating and under-
standing these effects and to identify a feasible method to handle this problem.
Furthermore, its goal was to choose feedback variables which promise to be most
beneficial to the prosthesis user, and identify encoding schemes to transmit the
sensory information via electrotactile stimulation. Experimental assessment of
possible function benefits, as well as possible facilitation of incorporation of arti-
ficial body parts into the body scheme through electrotactile feedback complete
the scope of this work.
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1.4 Outline
The doctoral project was organised into four independent studies which are re-
flected in the following chapters. Chapter 2 is dedicated to the encoding of artifi-
cial sensory feedback and the identification of suitable electrocutaneous stimula-
tion patterns for information transmission. These aspects were investigated in a
study specifically designed to be independent from myoelectric prosthesis control.
The results of this study constitute the basis for further studies conducted within
the project.
The third chapter presents results of the analysis of the theoretical and practical
investigation of the detrimental influence of stimulation artefacts on myoelectric
control of hand prostheses, and recommendations for stimulation parameters de-
rived from this. A practical approach to deal with stimulation artefacts that is
still compatible with different control strategies is presented to round off this as-
pect of the project.
The third study was aimed at investigating potential benefits of sensory feedback
for prosthesis users when they attempt to train a routine grasping task. The
study and its outcome are presented in chapter 4.
Chapter 5 describes the final study of the project, which dealt with the aspect
of embodiment of a prosthetic device, i.e., its integration into the body scheme
of the user, and in how far electrocutaneous feedback can assist to facilitate em-
bodiment.
The final chapter of the dissertation summarizes the whole doctoral project, and
presents the overall conclusions that can be drawn from the work.
Figure 1.2 illustrates the interactions between the four studies, and provides quick
access to the corresponding chapters.
For additional information, the interested reader can find in the appendix the
description of a flexible test environment developed in Matlab Simulink Realtime
Workshop. The goal of this test environment was to be able to easily set up and
configure experimental setups to compare different prostheses, feedback systems
and feedback encodings under repeatable conditions. It constitutes the funda-
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One of the first issues to be addressed when designing an electrocutaneous feed-
back for prostheses users is the representation of the the feedback variable in an
electrical stimulation pattern. One possible strategy is to take the modality of
the feedback variable into account and attempt to create modality-matched feed-
back. While in theory this is possible with electrocutaneous stimulation when
the correct afferents are targeted and activated, it is highly challenging to achieve
consistent results across subjects. The difficulty of sharply localising the electric
fields in combination with the unknown individual physiologic conditions (skin
thickness and conductivity, position of nerve fibres) make it impossible to design
a generic stimulation patterns for a specific modality. In practice, unintentional
co-activation of neighbouring afferents of a different modality are highly likely.
Fortunately it was demonstrated in monkeys, that artificial sensory feedback does
not necessarily have to mimick natural feedback in order to be exploitable. Us-
ing intracortical microstimulation, Dadarlat et al. created an artificial sensation
conveying information about the relative position of the monkey’s hand with re-
spect to a target [3]. Although not plausible in the sense of natural feedback,
monkeys were still able to make use of this information, demonstrating that a
learning-based approach to sensory substitution feedback is highly viable. For
this reason, focus is put on feedback encodings that promise good information
transmission, rather than closely mimicking natural sensory feedback. This has
the additional advantage that once viable feedback encodings were identified, the
same method can be applied to any feedback variable, i.e., both natural sensory
feedback variables (tactile sensations, proprioception-related), as well as new, ar-
tificial feedback variables (system states).
In this study, a virtual pendulum stabilisation task was employed to evaluate
four different strategies for tactile feedback. Performance of the subjects while
9
2. ENCODING SENSORY FEEDBACK: TRANSMITTING THE
INFORMATION
stabilising the invisible inverted pendulum was compared to the benchmark per-
formance where the pendulum was visible. Importantly, the comparison of feed-
back encoding paradigms was decoupled from myoelectric feedforward control,
which introduces uncertainty due to the noisy characteristics of EMG. Thus, an
important confounding factor could be excluded.
This chapter reuses material previously published in the IEEE Transactions on
Neural Systems and Rehabilitation Engineering in a research paper entitled Sen-
sory Feedback in Prosthetics: A Standardized Test Bench for Closed-Loop Control
by S. Dosen, M. Markovic, C. Hartmann, and D. Farina c© 2014 IEEE [29]. Parts
of the sections 2.1–2.3 (Methods, Results, and Discussion) are textually based on
passages from the corresponding sections of the paper.
2.1 Methods
When designing a feedback encoding paradigm for electrocutaneous stimulation,
a number of parameters can be exploited to modulate the stimulation and en-
code feedback variables. Firstly, there are the three basic stimulation properties
characterising the stimulation pulse train, which can each be modulated sep-
arately (compare also section 1.2.2). These are stimulation current amplitude
Istim, stimulation pulse width pwpulse, and pulse frequency fstim. While modu-
lation of Istim and pwpulse both change the intensity of the perceived sensation,
frequency modulation has less effect on the perceived intensity, but is clearly
perceived in its temporal aspects. Secondly, by using multiple electrodes, spa-
tial feedback encodings can be designed. Here, information is transmitted by
activation or deactivation of single electrodes, effectively shifting or changing the
location of the perceived sensation.
In 1977, Szeto and Lyman compared ten different feedback encodings, including
intensity, frequency and spatial encodings, in a random tracking task [30]. Further
factors were location of stimulation (abdomen or upper arm), as well as general
shape of the stimulation pulse train (monophasic or biphasic). As the stimulation
location is limited to the forearm in order to maintain self-containment of pros-
thetic systems, and biphasic stimulation is nowadays preferred over monophasic
stimulation for various reasons, findings regarding these factors could be ignored
for the design of feedback for this study. Regarding the other factors, results of
the study clearly indicated that subjects performed best with spatial encoding,
and that seven electrodes were better than five. When using a single electrode
to convey the feedback information, it was found that frequency modulation was
superior to intensity modulation, and that using a frequency range of 1Hz to
15Hz yielded better results than with frequency modulated between 20Hz and
100Hz.
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A result somewhat contradictory to these findings was obtained recently by Pare-
des et al., who investigated the influence of the pulse frequency within the scope
of closed-loop control more comprehensively [31]. They used a compensatory
tracking experiment where the tracking error was provided by intensity mod-
ulated electrocutaneous stimulation. The tracking performance for a range of
pulse frequencies (5Hz to 100Hz) as well as error sampling rates was compared,
and found to deteriorate significantly when stimulation was delivered at less than
50Hz. Interestingly, decreasing the error sampling rate from 100Hz to 5Hz did
not adversely influence performance when stimulation pulses were still delivered
at a high frequency (100Hz).
It was speculated that it is important for stimulation frequency to be sufficiently
high for good perception of the value of the intensity-modulated feedback variable.
This limits the range of stimulation frequencies that are both distinguishable and
at the same time ensure that feedback is delivered with sufficient perception qual-
ity.
That Szeto and Lyman found low-range frequency modulation to be superior to
intensity modulation could be influenced by the fact that intensity-modulated
feedback was delivered at a pulse rate of only 20Hz, which was found to be too
low by Paredes et al.
For these reasons a constant stimulation frequency fstim was chosen for all pro-
posed feedback encoding paradigms in this study, while information was either
encoded by intensity modulation, spatial distribution across several stimulation
sites, or a combination of these two. While it was previously found that subjects
performed better using spatial encodings [30], an alleged disadvantage of using a
limited number of electrodes is that it also limits the resolution of the feedback
signal. Therefore, an additional aim of the current experiment was to test if
a gradual transition from spatial feedback interfaces to more demanding single
electrode interfaces and intensity encoding can be achieved with training.
For this purpose, the different encodings were compared in the context of a closed-
loop control task. Subjects first performed the task using the most intuitive feed-
back interfaces, whereupon more demanding feedback approaches were gradually
introduced. As a control task, stabilisation of an invisible inverted pendulum was
chosen. The task was preventing the pendulum from falling over, by means of
’pushing’ it back to the vertical position using a joystick. Deviation from the
vertical position could be derived from the electrocutaneous stimulation signals.
Number of pendulum falls during a fixed-length trial, as well as average devia-
tion from vertical were compared for all four encodings in order to evaluate the
feasibility of the different approaches.
11










Figure 2.1: The subject uses a joystick to influence the inclination of a virtual
inverted pendulum. Depending on the feedback condition, either a visual rep-
resentation of the pendulum is shown on the screen, or pendulum inclination is
encoded in an electrocutaneous stimulation pattern. Dropping of the pendulum
(pendulum reaches horizontal) is indicated by a beep from the speaker.
2.1.1 Experimental setup
Figure 2.1 shows a schematic view of the experimental setup. The task for the
subject was to stabilize a simulated planar inverted pendulum using an analogue
joystick, while the feedback about the pendulum inclination was provided via elec-
trotactile stimulation. The joystick inclination was proportional to the torque at
the base of the pendulum. To deliver the electrotactile feedback, 12 concentric
electrodes (CODE501500, Ø 40mm, Spes Medica, Italy) were positioned along
the dorsal and ventral side of the forearm, six electrodes on each side. The stim-
ulation was provided using two 8-channel medical stimulation units (RehaStim,
Hasomed GmbH, Germany). The side of the forearm (dorsal, ventral) to which
the stimulation was delivered denoted the side toward which the pendulum was
inclined (left, right), and the amount of inclination was coded using spatial and/or
intensity encoding.
The modular test environment described in appendix A was used to implement
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the experimental setup, provide the control task, and record experimental data.
2.1.2 Participants and feedback approaches
Six subjects (30± 5 years) participated in the experiment after signing informed
consent. Each subject performed the task consecutively using all four feedback
approaches.
The following configurations were tested:
• Spatial encoding with 2× 6 channels (12CH-S).
The n-th electrode on the ventral/dorsal side was activated if the inclination




], n ∈ {1, 2, . . . 6}, otherwise it
was off. Consequently, only one electrode was active at a time.
• Combined spatial and intensity encoding with 2× 4 channels (8CH-SI).





], n ∈ {1, 2, 3, 4}. In addition, the stimulation inten-
sity of the currently active electrode was modulated, linearly mapping the
corresponding interval of inclinations to the entire dynamic range of the
electrode.
• Intensity encoding with 2× 4 channels (8CH-I).
The stimulation intensity was modulated proportionally to the absolute
inclination angle on all four electrodes simultaneously, linearly mapping
the full interval of inclination to the entire dynamic range of each electrode.
Ventral electrodes were activated when inclination was positive, dorsal elec-
trodes were activated when inclination was negative.
• Intensity encoding with 2× 1 channel (2CH-I).
Identical to 8CH-I, but using only one electrode at each side of the forearm.
A summary of the feedback paradigms is given in table 2.1. For the spatial en-
coding (12CH-S), the stimulation at each electrode was constant and equal to
ST + 0.5R, with R = (PT − ST ), where ST and PT are the sensation and pain
thresholds, respectively. For the intensity encoding, the dynamic range was de-
termined as [ST + 0.1R, ST + 0.8R]. The ST was estimated for each electrode
using the ascending method of limits [32]. PT was determined by continuing
to increase stimulus strength until subjects reported uncomfortable or stinging
sensations. Pulse width modulation was employed to regulate the stimulation
1[−1, 1] is the normalised signal range for the inclination angle within the test environment.
Inclination of ±1 corresponds to ±90◦ physical inclination (horizontal), 0 corresponds to 0◦
physical inclination (vertical).
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Table 2.1: Properties of suggested feedback encoding paradigms




12CH-S X 2× 6 16.7%
8CH-SI X X 2× 4 25%
8CH-I X 2× 4 100%
2CH-I X 2× 1 100%
Column ’range per electrode’ gives the range of abso-
lute pendulum inclination that is mapped to a single
electrode
intensity, while the current amplitude was kept constant at 3mA and frequency
at 100Hz.
2.1.3 Experimental procedure
The experiment included two sessions performed on two consecutive days. During
the first introductory session, which lasted 30min to 45min, the subjects were
introduced to the task. They stabilized the pendulum using visual feedback (i.e.,
visual representation of pendulum on the screen), simultaneous visual and elec-
trotactile feedback (2CH-I) and only electrotactile feedback. In the main testing
session, the subjects performed the pendulum stabilisation task using feedback
interfaces in the following order: 12CH-S, 8CH-SI, 8CH-I and 2CH-I. The or-
der reflected the expected intuitiveness of the feedback encodings. The subjects
started with the most intuitive interface (simple spatial encoding) and finished
with the most difficult one (intensity encoding, two electrodes only). Intensity
encoding is more demanding for the subjects, since they have to discriminate a
continuously changing sensation, but it also implements a finer resolution of in-
formation transmission. Pilot tests indicated that the selected challenging control
task (i.e., stabilising an unstable system) would be very difficult if not impossible
for the subjects if they started with the intensity encoding interface. As men-
tioned earlier, the aim of this protocol was to test if the aforementioned gradual
transition between the feedback interfaces would allow the subjects to eventu-
ally accomplish the task and even exploit the inherent advantage of the intensity
encoding. Eleven 90-second trials were performed in each condition. When the
pendulum fell over (inclination angle < −90◦ or > 90◦), this was indicated by
a short beep sound. Immediately, the pendulum position was reset (inclination
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zero), a low destabilizing impulse was delivered to the pendulum, and the trial
continued.
2.1.4 Outcome measures
As a measure for the subject performance in the task, the number of falls and
the average absolute deviation of the pendulum from vertical were computed over
each trial. Total energy of the control signal was computed as the surface below
the rectified control signal normalized by CMAX · T , where CMAX is the maxi-
mum possible control value (here, CMAX = 1), and T is the trial duration (here,
T = 90 s). Average time between two successive falls of the pendulum was deter-
mined to compare the performance of 2CH-I in introductory versus test session.
When computing the average performance, the first five trials in each condition
were regarded as training, and they were not used in the calculation. For sta-
tistical analysis Friedman ANOVA and a Tukey’s honestly significant difference
post-hoc test were applied. Significance threshold was set to p < 0.05. For com-
parison of two specific conditions, Wilcoxon signed-rank test was used. Numerical
results are reported in the text as mean ± standard deviation.
2.2 Results
Two example trials of the pendulum stabilisation recorded from the same sub-
ject using visual (introductory session) and electrotactile (8CH-I, test session)
feedback are shown in Figs. 2.2 and 2.3. The subject successfully stabilized the
pendulum for 60 s with small deviations from the vertical. The performance was
similar between the feedback types, but interestingly, the control strategy was
very different. When visual feedback was available, the subject continuously
modulated the control input (joystick inclination). With electrotactile feedback,
however, the control was intermittent, i.e., the subject generated short impulses
separated by the intervals of zero control action. Such intermittent control was
used consistently by all subjects in electrotactile conditions. The transition from
the continuous to intermittent control when switching from visual to electrotac-
tile feedback was observed in four subjects. In the two remaining subjects the
transition was not as clear, since they tended to control impulsively even with the
visual feedback. The change in the nature of control was reflected by the average
normalized energy of the control signal, which decreased from 30%± 11% for
the visual to 20%± 10% (12CH-S), 17%± 11% (8CH-SI, p < 0.05), 16%± 9%
(8CH-I, p < 0.05), and 23%± 11% (2CH-I) for the electrotactile conditions.
The summary results for the pendulum stabilisation task using four electrotac-
tile feedback interfaces are given in Figs. 2.4– 2.6. The subject performance
15
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Figure 2.2: Inclination of pendulum in two exemplary trials of stabilisation task
with a) visual feedback, and b) electrotactile 8CH-I feedback. Performance was
similar with both feedback types. Here, the average inclination across trials was
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Figure 2.3: Control signal (joystick input) during two exemplary trials of stabil-
isation task with a) visual feedback, and b) electrotactile 8CH-I feedback. The
control strategy was very different for the two feedbacks. While with visual
feedback the majority of subjects employed smooth control signals, with elec-
trocutaneous feedback the subjects controlled impulsively. Adapted from [29],
c© 2014 IEEE.
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Figure 2.4: Average number of falls (inclination < −90◦ or > 90◦). There was
a trend for performance improvement in the first few trials. After the fifth trial,
the performance was more stable. Note that only the mean values are given to

































Figure 2.5: Average pendulum inclination (normalised). There was a slight trend
for performance improvement in the first few trials. After the fifth trial, the
performance was more stable. Note that only the mean values are given to reduce
the clutter. Adapted from [29], c© 2014 IEEE.
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Figure 2.6: Results of the pendulum stabilisation task across conditions (mean
± standard error): (a) average deviation from vertical, and (b) average number
of falls. Best and worst performance resulted when 8CH-I and 2CH-I feedback
configurations were used, respectively. Statistically significant differences are in-
dicated by an asterisk (*). Adapted from [29], c© 2014 IEEE.
20
showed a trend of improvement in the first few trials (Figs. 2.4 and 2.5), with
a faster drop in the number of falls (Fig. 2.4). However, after the fifth trial,
the performance became more stable. Overall, the best and the worst results
were obtained using the intensity encoding, i.e., 8CH-I and 2CH-I, respectively
(Fig. 2.6). More specifically, in terms of keeping the pendulum dynamically sta-
ble, the interfaces 12CH-S, 8CH-SI and 8CH-I resulted in a similar performance,
and they were all superior to 2CH-I (Fig. 2.6 b). Although the average devia-
tions were similar for 12CH-S and 2CH-I (Fig. 2.6 a), the spatial interface still
resulted in significantly less falls per trial (Fig. 2.6 b). The interface 8CH-I led
to the most precise control (Fig. 2.6 a), i.e., the subjects were most successful
in minimizing the pendulum oscillations when using this feedback configuration.
Also, this configuration was characterized with significantly lower energy of the
control signal compared to 12CH-S and 2CH-I. The subject control actions were
therefore better timed and/or graded.
In the introductory session, all the subjects experienced the control of the pen-
dulum using electrotactile feedback with only two channels (2CH-I) as very chal-
lenging, and this was also reflected in the poor performance. They had almost
no control of the pendulum movements, and thereby it would fall within a few
seconds. However, in the test session, the performance with the same feedback
interface (2CH-I) improved substantially and the improvement was immediate.
The average time between falls for 2CH-I in the introductory session was 10 s± 5 s
and it increased threefold (32 s± 29 s) already for the first five trials with the same
interface in the testing session.
2.3 Discussion
The comparison of feedback interfaces demonstrated that the intensity encoding
could be superior to spatial and combined spatial-intensity encoding. Spatial
encoding is intuitive, since the subjects can easily perceive and discriminate the
feedback information, but the spatial code is inherently discrete and therefore
provides a low resolution. On the other side, the intensity encoding provides
a virtually continuous representation of the system state. When subjects are
trained and therefore familiar enough with the system dynamics, they can ex-
ploit the higher resolution of the intensity modulation to improve the control.
However, the intensity modulated information is harder to perceive correctly, and
therefore in order to be effective, it has to be properly amplified. When only one
stimulation channel (2CH-I) was used instead of four (8CH-I), the performance
had changed from overall best to overall worst, although in both cases the same
encoding was used to deliver the same information. The only difference was the
total area of the skin that was stimulated. Finally, in the case of the combined
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encoding, the spatial information was again easy to interpret, but the intensity
was still modulated using only one electrode. It was therefore difficult for the
subject to exploit the latter and improve the control (8CH-SI versus 8CH-I).
In the current experiment, spatial and intensity encoding, as well as a combi-
nation of these was chosen. Frequency modulation could have been also used
to communicate the information, albeit taking into account certain limitations
regarding the feasible ranges for fstim [31], as discussed previously . It would
be relevant to re-address the comparison between these two methods, especially
since there are psychometric and task-related studies implying that human sub-
jects might be more sensitive to changes in the pulse rate [30, 33].
The current study provides in any case optimistic implications for the potentials
of electrotactile feedback in system control. Namely, it demonstrated that the
subjects could successfully accomplish a demanding control task, i.e., managing
an unstable system, although they used a nonconventional source of feedback,
i.e., a cutaneous sensation communicating the feedback variable (pendulum an-
gle). However, the tests also revealed that the control strategy could change
substantially when switching from visual to electrotactile feedback. In addition,
they demonstrate a potential training paradigm for electrotactile system control.
In the introductory session, the subjects were unable to achieve any meaningful
control using the most challenging electrotactile feedback configuration (2CH-I).
They also reported general confusion and characterized the task as too difficult.
However, after being introduced to the feedback interfaces gradually, starting
with the most intuitive one (12CH-S), the subjects could handle the most diffi-
cult configuration (2CH-I) substantially better when using it for the second time,
i.e., at the end of the test session. Next, designing the closed-loop prosthetic sys-
tems can directly benefit from understanding and integrating the motor control
strategies of the prosthesis users, especially since they might be very different
from the conventional control with visual feedback as revealed by the current
experiment. Finally, the experiments demonstrated that in a trained user, the
properly amplified intensity encoding allows higher precision. Therefore, a feed-
back interface for a prosthesis can be envisioned combing the encoding methods:
the same multichannel electrode array could be used with the spatial encoding
(intuitive, low effort) and then switched by the user into the more demanding but
also potentially more precise intensity encoding when necessary (e.g., handling a
sensitive object).
Such an approach for combined spatial and intensity encoding was developed for
use in the fourth study, which is described in chapter 5. For this, the findings
described above were exploited as follows. An artificial sensor finger capable of
detecting touch with both good spatial resolution and intensity resolution was
used. Combined intensity and spatial encoding was adopted to convey two as-
pects of the touch sensation. Primary information on the touch location on the
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finger was encoded using intuitive spatial encoding, while the secondary aspect of
the touch, i.e., the strength of the touch, was encoded using an intensity encod-
ing. This way, once subjects had accustomed to the more obvious aspect of touch
location, they could start exploiting the secondary information. Furthermore, in
the third study, the findings above were exploited for designing a multi-channel
intensity-coded feedback for a full closed-loop prosthesis control task (cf. chap-
ter 4). In particular, the result that the perceptibility of intensity encoding could
be improved by displaying the feedback on more than one stimulation site was
adopted to design a well-perceivable, high resolution feedback about grasping
force.
In the feedback encoding study presented above, a simplified control interface had
been used in order to eliminate the confounding factor of accuracy of myoelectric
control. However, once suitable feedback encoding paradigms were identified, the
next important step towards closed-loop prosthesis control was to consider the
feedforward part of the control loop. Specifically, the acquisition and condition-
ing of EMG in the context of simultaneous electrocutaneous stimulation had to
be addressed with due regard to stimulation artefacts. The following chapter is
dedicated to illustrating the influence of electrical stimulation artefacts in the
context of EMG control for prosthetic applications, and approaches for artefact
handling are suggested and evaluated. Together with the findings regarding the
feedback encoding, this forms the basis for closed-loop control of prostheses using
electrocutaneous stimulation.
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challenge of stimulation artefacts
Self-containment of a prosthetic device is an important feature for user accep-
tance of the device [34]. In order to maintain self-containment, it is necessary
to integrate any feedback systems within the prosthesis or prosthesis socket. For
electrocutaneous stimulation, this is easily achievable, as stimulation electrodes
can be very flat, small, and even flexible. However, as a consequence, the stimu-
lation electrodes will be located on the residual limb of the amputee, close to the
recording sites for electromyographic (EMG) signals in myocontrolled prostheses.
When electrocutaneous stimulation is applied close to the EMG recording sites,
stimulation artefacts appear on the EMG signals.
This chapter addresses this issue.
Large parts of the work presented here were previously published in the IEEE
Transactions on Neural Systems and Rehabilitation Engineering in a research pa-
per entitled Closed-loop control of myoelectric prostheses with electrotactile feed-
back: Influence of stimulation artifact and blanking in the IEEE Transactions
on Neural Systems and Rehabilitation Engineering by C. Hartmann, S. Došen,
S. Amsuess, and D. Farina c© 2015 IEEE [35]. The introductory text as well as
section 3.1 contain material taken from section Introduction of the original paper.
Section 3.2 and subsections are textually based on sections Methods and Results.
Section 3.4.1 corresponds to section Discussion of the paper. Section 3.3 of this
chapter adds to the previously published material a supplemental study on the
influence of electrocutaneous stimulation during direct proportional control of
prostheses during task-based usage of a real prosthesis. Discussion of the results
is expanded accordingly.
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3. INCLUDING MYOCONTROL: THE CHALLENGE OF
STIMULATION ARTEFACTS
As demonstrated in the previous chapter, electrocutaneous stimulation to provide
sensory feedback to amputees is a technologically promising approach featuring
many advantages such as noiseless information transmission, low power consump-
tion, and - as mentioned before - good integrability into the socket. However, the
electrical field generated during the stimulation interferes with the EMG signals
that are used for prosthesis control. In the worst case scenario, the amplifier
circuit of the measuring equipment is saturated by the stimulation spike, render-
ing measurements completely unusable until the electronics discharge with time.
Even if saturation can be avoided, stimulation artefacts occur, which can have at
least the same magnitude as the voluntary EMG signal. Since the EMG signal is
used for decoding the user’s intention in the control of the prosthesis, the arte-
facts are likely to be detrimental for the control accuracy.
This study investigates the impact of the stimulation artefact on both classic pro-
portional prosthesis control as well as classification-based control approaches, and
proposes various types of blanking procedures as practical strategies to recover
performance. For this purpose, two experiments were designed. In an applied
grasping task which was tailored to suit the possibilities of a simple proportionally
controlled prosthesis. Two bipolar EMG channels controlled opening and closing
of the hand. Task execution success was compared under three conditions: a con-
trol condition (benchmark), where no electrocutaneous stimulation was present, a
condition, where stimulation was applied and potentially detrimental for control,
and a condition where a blanking and mirroring approach was used to recover
the EMG signals contaminated by stimulation artefacts.
In another experiment dedicated to a classification scenario, six bipolar EMG
channels were used to discriminate eight motions and grips, including a natural
rest condition. Three methods for segmenting and blanking signals contaminated
by electrical stimulation artefacts in the data preparation for the classification of
the motions are proposed and compared to each other.
3.1 Literature review
It is already known that size and shape of the stimulation artefacts are influenced
by many factors. According to Mandrile et al. the distance between stimulation
and recording site, inter-electrode distance of recording electrodes, and the level
of stimulation current are important factors [36]. But also electrical properties of
the skin and EMG amplifier configuration play a role. For example, the configu-
ration of the amplifier’s integrated low pass filter influences the appearance of the
stimulation artefacts. Using a lower cut-off frequency reduces the artefact ampli-
tude, but at the same time prolongs the artefact. A number of studies address
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the stimulation and measurement setup and propose guidelines which decrease
the risk of saturating the EMG amplifier.
It was recommended that stimulation electrodes should be placed as far as pos-
sible from EMG recording sites, distance between stimulation anode and cath-
ode should be short, and EMG electrodes should not be placed between these
two [37, 38]. In the context of direct electric nerve stimulation, Almström et al.
demonstrated that bipolar balanced stimulation reduces artifacts with respect to
monopolar waveforms [37], as the former avoids residual polarization of electrodes
or tissue [37,39]. However, even though the artefacts can be decreased by imple-
menting an appropriate experimental setup, they cannot be avoided completely.
The persisting problem of interference between the electrical stimulation and
EMG has been addressed in the related field of EMG-triggered functional elec-
trical stimulation (FES), where higher intensity electrocutaneous stimulation is
used to elicit a muscle response. In this case, the stimulation artefact and the
M-wave generated by the stimulation need to be suppressed. Yi et al. [40] used
a combination of digital filtering and blanking to remove artefacts due to FES
from the EMG signal. Keller and Popovic [41] used a stimulation artifact tem-
plate which was adapted online by averaging successive artifacts and subtracted
it from the signal after each stimulation spike. Schauer et al. [42] used a mute
input of the amplifier for suppression and reduction of the artefacts during EMG
acquisition, and only the EMG signal between the stimulation pulses was pro-
cessed further. Empirical mode decomposition was used by Pilkar et al. to extract
the voluntary EMG during FES, which has the advantage, that no information
on the stimulation artefacts is required, but looses high frequency components of
the EMG [43].
In contrast to these FES-related studies, the current study focuses on sensory
stimulation, i.e., stimulation below the motor threshold. Compared to FES, the
application of electrical stimulation for sensory substitution is characterized by
more localized current paths, lower intensities, and, most importantly, lack of
electrical motor response (M-wave). Hence, electrotactile stimulation has a lower
impact on the EMG signal. On the other hand, the requirements to EMG signal
quality are more strict in myocontrol than FES, especially when the number of
functions to discriminate is large.
Only few previous studies investigated the influence of electrical stimulation ar-
tifacts on myoelectrically controlled prostheses. Using neural network classifiers
for prosthesis control, Arieta et al. [44] showed that the control performance de-
creased with the presence of stimulation artifacts, with an effect dependent on
the stimulation levels. Almström et al. [37] proposed that a distance between
stimulation and EMG pick up sites of at least 60mm suffices to avoid signifi-
cant interference of the stimulation with the prosthesis control. However, this
solution is not always feasible in patients with high amputation level, and other
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Figure 3.1: Modified signal processing chain with blanking to allow closing the
loop in myoelectric control using pattern recognition and electrotactile stimu-
lation. The modifications include zeroing of the samples affected by an arte-
fact (blanking) and three methods (VarA, VarB, and VarC) for segmenting the
blanked signals before the feature extraction. For a description of the data seg-
mentation methods, see section 3.2. [35], c© 2015 IEEE.
approaches to deal with artefacts need to be developed.
3.2 Artefact blanking in pattern recognition
The classic signal processing chain for pattern recognition in prosthesis control
comprises the following steps [45]: First, the EMG is acquired and pre-processed
(e.g., filtered). Afterwards, the acquired data are organized into segments which
are then used to compute abstract features. Finally, a pattern recognition ap-
proach is applied on the feature vector to obtain the information that is relevant
for the control of the prosthetic limb, such as the current motion intended by the
amputee.
Again, in a closed-loop prosthetic system with electrocutaneous feedback, the
EMG signals in the aforementioned signal processing chain are corrupted with
stimulation artefacts. In order to handle such inputs, it is proposed to introduce
an additional step into the classic signal processing chain, namely blanking (i.e.,
zeroing any data samples affected by an artefact), and to modify the segmentation
of the data before feature extraction. These proposed changes are highlighted in
Fig. 3.1. In principle, an EMG signal with the artefacts blanked could be used in
the same way for the feature extraction and subsequent pattern recognition as if
it were an artefact-free EMG signal, i.e., blanked samples are treated as regular
EMG data and included in the feature calculation. However, it is to be expected
that artificially induced zeros in the EMG data negatively affect the outcome of
the pattern recognition algorithm, since they were not included in the training
set. Alternatively, the zeroed samples can be discarded for the calculation of the
features.
In this study, three methods for dealing with blanked signal intervals in the data
segmentation were implemented and compared. They shall henceforth be re-
ferred to as variants A, B and C. According to variant A (VarA), the blanked
samples are retained, so that the data segments for feature calculation include
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the zeroed intervals (Fig. 3.2a). In variant B (VarB), any blanked samples are
removed from the signal, so that the samples used for feature extraction are only
those not blanked (Fig. 3.2b). Thus, the samples are collected from the same
time interval as in VarA, but the resulting data segment has fewer samples (non-
blanked samples only), and the sample number can also vary from segment to
segment. In variant C (VarC), the zeroed intervals are discarded as in VarB and
only non-blanked samples are used. However, in order to compensate for the
discarded samples, the time interval for collecting data is prolonged, i.e., further
non-blanked samples are included until the number of samples is the same as in
the data segment in VarA. Consequently, in VarC, the pattern recognition result
is updated with a larger delay with respect to VarA and VarB due to the extended
time interval needed to collect a sufficient number of non-blanked samples.
3.2.1 Methods
3.2.1.1 Pattern Recognition
In order to evaluate the feasibility of the proposed approaches, an exemplary
test setup for pattern recognition in prosthesis control was selected. As a repre-
sentative pattern recognition task, the classification of eight motions and grasp
types was chosen. Additionally, four different feature sets were extracted from
the EMG data in order to determine if the choice of feature space influences the
effectiveness of the proposed artefact removal approach. Combined with the three
proposed data segmentation variants, this provided a number of scenarios that
were tested and compared. Finally, each scenario was investigated with virtual
blanking and applied blanking using two experimental data sets.
3.2.1.2 Classification Algorithm and Features
In this study, linear discriminant analysis (LDA) [46–48] was employed. Four
widely used time domain features [46,48–50] and three frequency domain features
were calculated from the EMG signals. The time domain features were the root
mean square value (RMS), zero crossings (ZC), slope sign changes (SSC), and
wave length (WL). The combination of LDA with these features has been shown
to yield good classification results and to perform similarly or better than other,
more complex algorithms (see [47, 48] for extensive comparisons). As frequency
domain features, the first three cepstral coefficients (3xCEPS) [51] were used.
These seven features were arranged into four feature sets that were separately
evaluated (Table 3.1). The first and simplest feature set (’RMS’) only comprised
the RMS values. The second (’RMS+TD’) was the classic set of RMS, ZC,
SSC and WL. The third set (’RMS+FD’) comprised RMS and 3xCEPS, and the
final set (’RMS+TD+FD’) combined all seven features. For classifier training,
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blanked intervals data segment for
feature calculation
Figure 3.2: Blanking and data segmentation for feature calculation. Left side:
segmentation process. Right side: resulting data segments. a) variant A (VarA),
artefact blanking with original segmentation; b) variant B (VarB), modified seg-
mentation approach, where blanked data samples are discarded, thus decreasing
the number of samples used for the feature calculation; c) variant C (VarC),
modified segmentation approach, where blanked samples are discarded and the
number of samples for feature calculation is the same as in VarA. [35], c© 2015
IEEE.
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Table 3.1: Feature Types and Feature Sets
RMS ZC SSC WL 3xCEPS
’RMS’ x
’RMS+TD’ x x x x
’RMS+FD’ x x
’RMS+TD+FD’ x x x x x
RMS: root mean square values, ZC: zero crossings,
SSC: slope sign changes, WL: wave length, CEPS:
cepstral coefficients. [35], c© 2015 IEEE.
the respective features were calculated for each available EMG channel based on
data contained in time windows of 128ms with 90% overlap, so that one class
decision was obtained every 12.5ms.
3.2.1.3 Virtual and Applied Blanking
Two data sets were analyzed. First, artefact-free EMG data were blanked to em-
ulate a wide variety of artefact conditions. This approach, hereafter called virtual
blanking, allowed great flexibility with respect to the analysis of the influence of
the blanking parameters, e.g., duration and frequency. Second, blanking of real
stimulation artefacts, hereafter called applied blanking, was implemented for a
data set of EMG signals contaminated by actual stimulation artefacts. These
stimulation artefacts were recorded under a range of stimulation conditions (cf.
section 3.2.1.5 for details on data acquisition).
For the virtual blanking, 39 stimulation frequencies between 10Hz and 200Hz, as
well as 30 artefact durations from 0.5ms to 5ms were simulated. The blanking
was implemented by setting recurring sections of artefact-free EMG data to zero
in all channels, according to the selected stimulation frequency and artefact dura-
tion, as if the artefact was present. In the case of applied blanking, artefacts were
created by using stimulation frequencies of up to 150Hz and a stimulation pulse
width of up to 800 µs. The artefact positions and duration could be determined
from the stimulation signal, and the affected samples were set to zero for all EMG
channels.
Although all the analyses for this study were performed off-line with prerecorded
data sets, all the proposed methods can be implemented online with minimal
hardware requirements.
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3.2.1.4 Outcome Measures
In order to determine the performance of the classifier on either artefact-free, con-
taminated, or blanked data, the classification rate rclass was used. The classifica-
tion rate was defined as the percentage of correct motion type estimates achieved
for the given data set. Additionally, for the simulated scenarios, the performance
quotient q was defined to evaluate the capability of the proposed blanking ap-
proaches to recover the performance of the pattern recognition algorithm with
respect to the benchmark condition of artefact-free data. The performance quo-





where rclass,ctrl is the benchmark performance for an artefact-free data set, and
rclass is the classification rate achieved for the same data set after virtual artefact
blanking was applied.
Further measures employed in the evaluation of the virtual blanking were the
portion ρ0.95 of the investigated stimulation frequency × artefact duration domain
for which q > 0.95 could be achieved, as well as the intersections of the q > 0.95
condition with the investigated domain borders. For the intersections, dart,max
was the maximum artefact duration for which q > 0.95 could still be achieved,
when the highest stimulation frequency of fstim = 200Hz was assumed, while
fstim,max was the maximum frequency for which q > 0.95 still held, if the longest
artefact duration of dart = 5ms was used. These measures were also used for
inter-approach comparisons.
For statistical comparisons, t-tests, one-way and three-way repeated measures
ANOVA and Newman-Keuls post-hoc tests were applied. The within subject
factor for the one-way ANOVAs was the active stimulation ration κ. Within
subject factors for the three-way ANOVA were the blanking method, the feature
set, and the active stimulation ratio κ. The latter was defined as the product of
the stimulation frequency fstim and the stimulation pulse width pwpulse:
κ = pwpulse · fstim. (3.2)
Both fstim and pwstim have an analogous effect on the EMG quality. A longer pulse
width increases the artefact duration while a higher frequency introduces more
artefacts per second, thereby leading to a larger number of corrupted samples.
The active stimulation ratio κ was adopted to conveniently describe this common
effect.
3.2.1.5 Experimental Setup and Protocol
To collect the input data for this study, six bipolar EMG channels were recorded

























Figure 3.3: Placement of stimulation and recording electrodes: a) Dorsal view
of the forearm with recording and stimulation electrodes. b) Transversal view of
the forearm depicting recording electrode distribution. Note that the stimulation
electrode was placed directly next to the recording electrodes in order to emulate
the lack of skin surface for electrode placement on a residual limb. Adapted
from [35], c© 2015 IEEE.
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Figure 3.4: Stimulation artefact shape, averaged over 50 artefacts; a) constant
pulse width of 50µs and varying peak current; b) constant peak current of
1mA and varying pulse width. Signals were low-pass filtered (4.4 kHz cut-off
frequency), amplification gain was 1000 and sampling frequency 20 kHz. Note,
that stimulation current determines the peak to peak value, while the pulse width
affects both the peak to peak value and the artefact duration. Adapted from [35],
c© 2015 IEEE.
channel was equipped with a band-pass filter (cut-off frequencies 10Hz and 900Hz)
and adjustable gain. Disposable pre-gelled self-adhesive Ag/AgCl recording elec-
trodes (Ambu Neuroline 720, Ambu, Denmark) were placed equidistantly and
circumferentially around the forearm, 7.5 ± 0.5 cm distal from the olecranon
(Fig. 3.3b). For stimulation, one disposable concentric self-adhesive surface elec-
trode (CODE501500, Ø 42mm, Spes Medica, Italy) was placed distal with respect
to the dorsal recording electrode pair (Fig. 3.3a). The electrode was placed di-
rectly next to the recording sites to emulate the lack of space that can be expected
in practical applications. The inner electrode was the cathode (stimulation point),
the outer ring was the anode. Stimulation was biphasic with a rectangular pulse
to depolarize the cutaneous afferents and a subsequent exponential waveform of
opposite polarity for charge equalization of the tissue. The stimulation was gen-
erated by an externally controlled isolated bipolar constant current stimulator
(DS5, Digitimer, United Kingdom).
Preliminary experiments indicated that the shape of the observed stimulation
artefact in the EMG signal largely depends on the stimulation parameters, as
well as on the preprocessing of the signal. Fig. 3.4 shows examples of artefact
shapes for different stimulation pulse widths and currents. It can be observed
that the current amplitude determines the peak-to-peak value of the artefact
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waveform, whereas the pulse width also influences its duration. The artefact
peak-to-peak value does not influence a blanking approach while the artefact du-
ration is of importance, since it determines the number of samples that need to
be zeroed. Hence, as this study focuses on the evaluation of blanking and not
on the actual sensation that is elicited by the stimulation, the current amplitude
was set to a constant low value (Ipulse = 1mA). The parameters important for
blanking, namely the pulse width and stimulation frequency, were selected ac-
cording to two criteria: 1) the need to cover the range of interest for the actual
prosthetic applications [19,20], and 2) to create data sets with different amounts
of corrupted data.
Altogether, nine sets of stimulation parameters [fstim, pwpulse] were chosen, where
fstim ∈ {50Hz, 100Hz, 150Hz} and pwpulse ∈ {200 µs, 400 µs, 800µs}. These stim-
ulation settings corresponded to values of the active stimulation ratio κ ranging
from 1% to 12%. With these sets, the elicited sensation was below the pain
threshold and no saturation of the EMG amplifier occurred. With the setup used
in this study, the amplifier did not saturate even when the stimulation current
was increased substantially, up to the level where it started becoming uncomfort-
able or painful (e.g., up to 15mA at 150 µs and up to 4mA at 1000µs).
Seven able-bodied subjects (three women, four men; age 27±3 years) volunteered
to participate in the recordings. All subjects signed a consent form approved by
the local ethics committee. Subjects were comfortably seated, with their arm and
hand positioned relaxed next to the side of the trunk. The concept of electrocuta-
neous stimulation was explained to the subjects, and a low-intensity stimulation
was applied to their right forearm, so that they could get accustomed to the sen-
sation.
The subjects were asked to repeat with their right hand a motion or grasp type
shown to them on a computer screen and maintain it for two seconds, while they
received electrocutaneous stimulation on the same arm. The motions and grasps
were: i) flexion and ii) extension of the wrist, iii) opening and iv) closing of the
hand, v) pronation and vi) supination, vii) pinch grip, and viii) hand relaxed.
During each 2 s trial dedicated to a single, specified grasp type or motion, sub-
jects were asked to keep the posture at a self-chosen, comfortable contraction
level.
For each stimulation condition, five trials for each grasp type and motion were
recorded. Additionally, 15 trials for each grasp type and motion were recorded
without applying electrical stimulation for purposes of classifier training (10 tri-
als), as well as performance benchmarking (classification of artefact-free data)
and virtual blanking (5 trials). Trials were arranged randomly with respect to
the order of the motions, as well as to the stimulation conditions. The total dura-
tion of the recording session, including informing and preparing the participant,
was approximately 90min.
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For six of the subjects, data sets for each of these conditions were recorded,
whereas for one subject, a reduced series comprising only six parameter sets was
collected. Conditions with pulse width pwpulse = 800 µs were omitted on the sub-
ject’s request since the subject felt uncomfortable with this stimulation setting.
3.2.2 Results
3.2.2.1 Impact of Stimulation Artefacts
With the setup and stimulation parameters used in this study, the electrical
stimulation artefacts occurring on the EMG channels closest to the stimulation
electrode were at least of the same magnitude as the EMG signal amplitude. Arte-
fact durations ranged from approximately 0.9ms to 2.7ms. This means that at
the highest stimulation frequency up to approximately 40% of the samples were
contaminated by artefacts. Fig. 3.5 shows representative data recorded during
voluntary flexion of the wrist, illustrating artefact-free EMG and an equivalent
signal contaminated with stimulation artefacts. Stimulation neither elicited mo-
tor responses (no M-wave) nor saturated the amplifier. With increasing distance
of the EMG pickup electrodes to the stimulation electrode, the impact of the stim-
ulation on the EMG signal gradually diminished. This can be seen in Fig. 3.5c,
which shows a six channel recording from the relaxed forearm (no voluntary mus-
cle contraction). The magnitude of the artefact was largest for channel 4 and
neighboring channels (for electrode placement, cf. Fig. 3.3), and lowest for chan-
nel 1 and neighboring channels. The shape of the artefact also changed from
a monopolar waveform (channel 2) to waveforms with two (channel 6) or three
(channel 4) phases. However, the artefact duration was approximately the same
for all channels.
The presence of artefacts had a strong detrimental effect on the classification
rate rclass, as compared to the classification of the artefact-free control data sets.
For controls, the following overall classification rates rclass,ctrl (mean ± standard
deviation) were achieved across subjects: 84.1%± 7.0% when using the feature
set ’RMS’, 93.5%± 5.6% for ’RMS+TD’, 93.0%± 5.7% for ’RMS+FD’, and
94.8%± 5.0% for ’RMS+TD+FD’. When attempting to classify the contami-
nated data sets without removing the artefacts, rclass across subjects and stim-
ulation conditions decreased to average values of 41.4± 28.8%, 38.8± 24.5%,
27.1± 15.7% and 34.9± 24.4%, respectively. The drop in performance was sta-
tistically significant in all cases (p < 0.001).
3.2.2.2 Virtual Blanking
Figure 3.6 shows the decrease in performance quotient q when increasing stim-












































Figure 3.5: Influence of electrical stimulation: a) artefact-free EMG signal; b)
EMG signal contaminated by electrical stimulation artefacts; c) attenuation of
artefacts along the EMG channels, stimulation site next to channel 4 (cf. Fig. 3.3
for channel numbering and electrode placement). Stimulation properties for b)
and c): biphasic stimulation, pulse width 800µs, amplitude 1mA, stimulation
frequency 100Hz. Note that shape and size of the stimulation artefacts introduced
into the recorded EMG signal depend on the relative placement of the recording
and stimulation electrodes. [35] c© 2015 IEEE.
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Table 3.2: ρ0.95, portion of the investigated frequency/duration domain where
q > 0.95 is achieved (mean ± standard deviation) [35] c© 2015 IEEE.
VarA VarB VarC
RMS 44.1%± 11.9% 96.3%± 3.5% 99.7%± 0.1%
RMS+TD 34.7%± 9.8% 73.3%± 7.5% 76.5%± 7.3%
RMS+FD 38.2%± 31.6% 53.2%± 24.7% 57.3%± 26.1%
RMS+TD+FD 37.0%± 14.9% 67.7%± 16.4% 72.1%± 11.9%
Table 3.3: fstim,max, Intersection with Investigated Artefact Duration Domain
Border for which q > 0.95 is still achieved (mean ± standard deviation) [35]
c© 2015 IEEE.
VarA VarB VarC
RMS 21Hz± 9Hz 111Hz± 40Hz 184Hz± 2Hz
RMS+TD 20Hz± 7Hz 74Hz± 7Hz 84Hz± 12Hz
RMS+FD 34Hz± 21Hz 34Hz± 13Hz 50Hz± 25Hz
RMS+TD+FD 26Hz± 11Hz 63Hz± 23Hz 74Hz± 18Hz
subjects. The gray areas in the horizontal planes of the 3D plots indicate ρ0.95.
The results for all performance measures are summarized in Tables 3.2–3.4.
The simulations using virtual blanking showed that for the ’RMS’ feature set
(Fig. 3.6 a – c) the approach VarA yielded good results (q > 0.95) only if either
low frequencies (fstim ≤ 21.43Hz) or low artefact durations (dart ≤ 0.36ms) were
considered. When using the approaches VarB and VarC, even for high values
of both interference factors, the performance quotient was close to 1. This was
also reflected in high average ρ0.95 values of 96.3%± 3.5% and 99.7%± 0.1%,
Table 3.4: dart,max, Intersection with Investigated Frequency Domain Border for
which q > 0.95 is still achieved (mean ± standard deviation) [35] c© 2015 IEEE.
VarA VarB VarC
RMS 0.4ms± 0.5ms 3.7ms± 0.7ms 4.5ms± 0.2ms
RMS+TD 0.1ms± 0.2ms 1.1ms± 0.3ms 1.2ms± 0.3ms
RMS+FD 0.4ms± 0.7ms 0.9ms± 0.7ms 0.9ms± 0.7ms










































































































Figure 3.6: Performance quotient q as a function of artefact duration dart and
stimulation frequency fstim, shown for all investigated feature sets and segmen-
tation approaches. Coloured surface shows mean value µ, grey grid indicates
subtraction of standard deviation σ: µ − σ. Grey areas indicates ρ0.95 (fraction
of the fstim×dart domain for which q > 0.95). Adapted from [35], c© 2015 IEEE.
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respectively. In comparison, for approach VarA, the drop in the performance
quotient q for the simultaneous increase in artefact duration and stimulation fre-
quency manifested in an average ρ0.95 of 44.1%± 11.9%. This was less than half
of what was obtained for variants VarB and VarC, and thus significantly lower
(p < 0.001).
In the case of the feature sets ’RMS+TD’ and ’RMS+TD+FD’ (Fig. 3.6 d – f
and j – l), the simulation results for the approach VarA were comparable to the
results for the feature set ’RMS’. Similarly, the approaches VarB and VarC were
significantly better than VarA (p < 0.01) in all the outcome measures. However,
the quotient q for VarB and VarC was not as consistently high over the whole
artefact duration × stimulation frequency domain as it was in the case of the
’RMS’ feature set. Instead, it gradually dropped when both frequency and du-
ration increased, resulting in a ρ0.95 value that was considerably smaller than for
the ’RMS’ feature set (p < 0.01).
For the ’RMS+FD’ feature set, the performance quotient was already adversely
affected for lower values of the disruptive factors. This resulted in compara-
tively small values of ρ0.95 and fstim,max for all three methods (Tables 3.2 and 3.3,
Fig. 3.6 g – i). However, for higher values of fstim and dart the rate of decrease of
q was more moderate, so that the performance quotient in the more challenging
region (high values of both fstim and dart) of the artefact duration × stimulation
frequency plane was higher than for the other feature sets (with the exception of
’RMS’ combined with approach VarB or VarC, see above).
In summary, for each of the investigated feature sets, ρ0.95 was always smallest
for the approach VarA, and greatest for the variant VarC. The overall highest
value for ρ0.95 was achieved for ’RMS’ and methods VarB and VarC. Similarly,
the average maximum tolerable artefact duration dart,max was generally lowest for
the approach VarA, whereas the highest value was predicted for the feature set
’RMS’ and variant VarC (Table 3.4). The same held for the average maximum
tolerable stimulation frequency fstim,max (Table 3.3).
Finally, as is summarized in Table 3.5, for the feature sets ’RMS’ and ’RMS+TD’,
the approaches VarB and VarC showed to be significantly superior to VarA with
respect to all outcome measures. A statistically significant difference in the per-
formance of VarB and VarC was obtained for the value of ρ0.95, as using the
approach VarC resulted in significantly higher values for this performance mea-
sure than using VarB. For the feature set ’RMS+TD+FD’, a significant difference
between VarA and VarC was found, with the latter approach resulting in signif-
icantly higher mean values for all outcome measures. Only for the feature set
’RMS+FD’, there was no statistically significant difference in the performance of
the three approaches.
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Table 3.5: Statistically Significant Differences (p < 0.001) within each Feature
Set for Results Given in Tables 3.2–3.4. [35] c© 2015 IEEE.
VarA VarB VarC
RMS B, C A, Cρ A, Bρ
RMS+TD B, C A, Cρ A, Bρ
RMS+FD
RMS+TD+FD C A
Letters indicate, that the respective
approach (column header) significantly
differs from the approaches correspond-
ing to the letter. Index ρ indicates dif-
ferences valid only for the results in Ta-
ble 3.2.
3.2.2.3 Applied Blanking
Fig. 3.7 shows the average classification rates rclass that could be achieved for con-
taminated and blanked data depending on the active stimulation ratio κ for each
of the investigated methods and feature sets. The three-way interaction between
the blanking method, stimulation ratio and feature set factors was statistically
significant (p < 0.001). If blanking was not used, the performance decreased
dramatically with the increase of the active stimulation ratio κ, dropping almost
exponentially and reaching a plateau at very low levels, often below 20%. Al-
ready for κ = 1% the performance drop was statistically significant (p < 0.05)
with respect to the benchmark level (artefact-free data classification) for all fea-
ture sets, except for ’RMS’. For ’RMS’, the classification rate for κ = 1% was
lower than, but not significantly different from, the benchmark performance. The
largest decrease in rclass was observed for the feature set ’RMS+FD’. Here, the
presence of artefacts caused a drop of rclass from 93.0%± 5.7% to 38.7%± 17.4%
already for κ = 1%.
For all stimulation scenarios and each of the feature sets except ’RMS’, the classi-
fication performance was significantly improved by using any of the investigated
methods (p < 0.001). For the feature set ’RMS’ and κ = 1%, the improvement
was not statistically significant, and for ’RMS’ and κ = 3% only the methods
VarB and VarC yielded significant improvements. Applying variants VarB and
VarC yielded significantly better results than VarA for κ ≥ 6% in the case of
’RMS+TD’ and ’RMS+TD+FD’. Furthermore, there was a trend indicating that
variants VarB and VarC are superior to VarA even for lower values of κ and also
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Table 3.6: Recovery to Benchmark Performance Depending on Feature Set and
stimulation ratio κ. [35] c© 2015 IEEE.
↓ κ RMS RMS+TD RMS+FD RMS+TD+FD
1% A, B, C A, B, C A, B, C A, B, C
2% A, B, C A, B, C B, C A, B, C
3% A, B, C B, C B, C B, C
4% A, B, C B, C
6% B, C
Letters refer to approaches that were able to recover the
benchmark performance. Recovery was deemed to be
achieved if the performance was not significantly different
from the benchmark performance (p > 0.05).
for the feature sets ’RMS’ and ’RMS+FD’, although in these cases the differences
were not statistically significant. There were no significant differences in the per-
formance between methods VarB and VarC. Importantly, all approaches could
recover the performance to the level of the benchmark for lower values of κ, as is
indicated in Table 3.6. Again, the methods VarB and VarC were more successful
than the approach VarA, i.e., there were many cases where the approaches VarB
and VarC could recover the performance to the level of the benchmark, where
VarA could not (Table 3.6).
3.3 Artefact blanking for proportional control
In contrast to pattern-recognition-based control approaches, where EMG data
collected from several channels is analysed to determine the user’s intention, in
direct proportional control, each motion primitive of a prosthesis is directly con-
trolled by a single EMG channel. For example, a simple hand prosthesis, which
can open and close to grasp objects would be controlled by two EMG signals.
In transradial amputees, those are usually collected from the wrist extensor and
flexor muscles, two muscle groups located in the proximal region of the forearm.
The average activity of the signals over a certain time is determined and propor-
tionally mapped to the speed of the motion the prosthesis executes. For instance,
a strong contraction of the flexor muscle would cause the prosthesis to close the
hand at a high speed.
The signal processing chain is comparable to that described for pattern recogni-
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Figure 3.7: Decay of the method performance rclass with rising values of κ depend-
ing on the blanking approach (mean ± standard error). Statistically significant
performance improvements (p < 0.001) as compared to the contaminated data
are indicated by an asterisk (*) above the graph lines. Additionally, if variants
VarB and VarC perform significantly better than variant VarA, this is indicated
by an asterisk (*) between the graph lines. The performance drops abruptly for
the corrupted EMG and it is recovered to a significantly higher level by applying
any of the methods. Methods VarB and VarC perform similarly and they appear
to be somewhat superior to VarA. Adapted from [35], c© 2015 IEEE.
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preprocessing, and subsequently organised into segments. Instead of extracting
features from the EMG, which are then used as input for a pattern recognition
approach, for direct proportional control merely an estimate of the EMG activity
within the current time frame needs to be determined. When there is significant
activity on two EMG channels controlling different directions of the same degree
of freedom of a prosthesis, a comparison of signal strengths is usually made, and
the channel showing higher activity wins and its full activity is taken into account
for prosthesis control. As a consequence, even if a prosthesis user involuntarily
co-activates muscle groups controlling rivalling motion primitives (e.g. opening
and closing of the hand), this approach ensures that the motion primitive most
likely intended by the user is activated.
In a closed-loop prosthetic system with electrocutaneous feedback, the presence
of stimulation artefacts on the measured EMG signal would result in an offset on
the control signal. The offset’s level would depend on the stimulation frequency,
as well as on the artefact shape. It would result in unwanted activation of the
prosthesis, sticking of the prosthesis in one of the end positions, or unintention-
ally fast movements.
Based on the promising results obtained for pattern recognition (cf. section 3.4),
it is hypothesised that also for direct proportional control, the detrimental effect
of the stimulation can be eliminated by blanking the artefacts from the signal and
limiting estimation of EMG activity to those data points carrying undistorted in-
formation. In particular, it is suggested to use approach VarB. This method was
shown to be successful in restoring the performance of multidimensional EMG
pattern recognition back to the baseline for a wide range of stimulation settings
without introducing additional delays into the control. Furthermore, in order
to facilitate an efficient and low-cost implementation of the procedure, it is pro-
posed to additionally preserve the segment size, i.e., number of samples, used to
determine EMG activity and substitute the rejected data samples with a surro-
gate signal. Hence, the implementation of a first in first out buffer to store data
patches is proposed. In the event of an artefact, data stored in the buffer should
be used to fill the gap in the signal. To ensure that most recent changes in the
signal are taken into account as far as possible, data samples should be read from
the buffer in a last in first out manner. This results in a mirrored representation
of the EMG signal preceding the artefact. This approach is not different from
the approach suggested for pattern recognition, with respect to the original in-
formation being lost in both cases. However, it provides a more straightforward
online implementation, as it prevents dynamically changing segment sizes. It was
assumed that due to the relative robustness of the classic proportional control
approach, the inclusion of mirrored signal segments in the activity determination




In order to test these hypotheses, two-channel proportional control approach
commonly implemented in commercial devices was chosen. Here the time window
analysed to get an estimate of the current EMG activity of each channel has a
length of 128ms. The root mean square value RMS of the n data samples in






In order to reduce delays, time windows overlapped by 78ms, resulting in an
effective 20Hz update rate for the activity estimate. EMG data was sampled at
1 kHz.
3.3.1.2 Experimental setup and protocol
The impact of electrocutaneous stimulation on classic proportional prosthesis con-
trol and the applicability of the proposed approach to process contaminated EMG
data were evaluated in a practical experiment where subjects performed a grasp-,
lift-, and release- related task. The task employed is known as the so-called box
and blocks test. This task requires the subjects to grab wooden blocks from one
compartment of a box, lift them across a barrier, and subsequently deposit them
in a second compartment of the box.
A total number of 15 able-bodied volunteers participated in this study after sign-
ing informed consent. The subjects used a commercially available prosthetic hand
(Michelangelo hand prosthesis, Otto Bock HealthCare GmbH, Germany) to per-
form the task. The hand was mounted to the subject’s left forearm using a special
socket as shown in figure 3.8. Two bipolar EMG electrodes (13E200=50AC, Otto
Bock HealthCare GmbH, Germany) were positioned over the wrist flexor and ex-
tensor muscles of that same forearm. By contracting these muscles, subjects were
able to close and open the prosthetic hand. A single concentric stimulation elec-
trode was placed on the dorsal side of the forearm with a distance of 1.5 cm to
2.5 cm from the EMG recording site. Placement of electrodes is shown in figure
3.9.
Each participant performed the task under three different conditions. A control
condition was designed in order to establish a benchmark measurement of the
task performance without the potentially detrimental influence of electrocute-
neous stimulation on the EMG control signal. During this control condition, no
electrical stimulation was applied.
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Figure 3.8: The Michelangelo hand prosthesis (Otto Bock HealthCare GmbH,
Germany) and special socket for usage with able-bodied subjects. Both stim-
ulation electrode and EMG recording electrodes were placed within the socket.





















Figure 3.9: Placement of stimulation and EMG recording electrodes: a) Dorsal
view of the forearm with recording and stimulation electrodes. b) Transversal
view of the forearm illustrating location of recording electrodes.
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The second condition was aimed at determining the influence of the stimulation
in the classic proportional control scenario, and thus featured electrocutaneous
stimulation. Based on a sensory feedback approach called EMG biofeedback,
which was proposed by Dosen et al. [52], the stimulation applied to the subjects’
forearm was proportional to the measured EMG activity of the flexor muscles.
The same stimulation was featured in the third condition, which furthermore
included additional preprocessing of the EMG signal according to the proposed
method of artefact blanking and signal mirroring.
It shall be noted, that this experiment was not focused on determining the useful-
ness of the feedback itself for this specific task. Its aim was rather to investigate
in a practical setup the impact of stimulation artefacts on the prosthesis control
and the feasibility of the proposed approach to handle stimulation artefacts.
3.3.1.3 Outcome measures
In order to determine the impact of the stimulation on the voluntary control of
the prosthesis, the task performance of the subjects with EMG contaminated by
stimulation artefacts and EMG subjected to artefact blanking and signal mir-
roring were compared to each other and the benchmark performance (no stim-
ulation). Task performance for each run was measured in the number of blocks
successfully transferred across the barrier within a 60 s interval. For statistical
comparison, tow-way repeated measures ANOVA and Newman-Keuls post hoc
tests were applied. Factors were condition (benchmark, contaminated, treated)
and the number the respective condition had been repeated (five runs per condi-
tion).
3.3.2 Results
The results of the practical application of the artefact handling approach are
shown in figure 3.10. In the control scenario without stimulation, subjects were
able to move between seven and 25 blocks (average: 16± 4) across the barrier
between compartments within the given time frame of 60 seconds. With stim-
ulation but without artefact handling the number of blocks successfully moved
ranged from zero to 19 (average: 8± 7). Notably, while for some subjects the
control of the prosthesis was not noticeably affected during the stimulation condi-
tion as compared to the control condition, for others the prosthesis was no longer
controllable due to the prevailing effect of the artefacts. When the proposed
approach was applied to eliminate the artefacts from the EMG signal subjects
managed to move eight to 25 blocks (average: 16± 4). There was a statistically
significant difference between the unhandled condition and the other two condi-





































Figure 3.10: Results of the practical evaluation by box and blocks routine. When
stimulation was present, artefacts had a detrimental effect on the EMG and
subjects could no longer transfer as many blocks from one box to the other. The
performance drop was significant (p < 0.001). Handling the artefacts restored
the performance back to the benchmark. Boxes show 25% to 75% percentile,
whiskers indicate complete range of measurements.
condition with artefact handling (p > 0.9).
3.4 Discussion
In this study, the impact of stimulation artefacts on proportional control of pros-
theses, as well as the classification performance of pattern recognition in multi-
channel EMG data was investigated. Artefact blanking was proposed as a practi-
cal approach to handle stimulation artefacts and to restore performance of both
control approaches.
3.4.1 Pattern Recognition
A common classifier and four feature sets have been evaluated using experimen-
tal data collected in seven subjects. Blanking in combination with three data
segmentation methods was proposed and tested for artefact removal because it is
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very convenient for a practical application.
It was shown that the application of any of the investigated approaches signif-
icantly improved the classification performance for EMG data contaminated by
stimulation artefacts, in some cases restoring the performance to the benchmark
level (artefact-free data classification). This is a promising result, indicating that
a simple and practical method to deal with the stimulation artefact can be used
to close the loop using electrotactile sensory feedback in myoelectric prostheses
controlled using pattern recognition.
Both simulations (virtual blanking) and experimental evaluation (actual blank-
ing) revealed that the approaches VarB and VarC are better than VarA in terms
of classification performance recovery. This was an expected result since the
methods VarB and VarC avoided using blanked signal segments (no information)
and only used actual, voluntarily generated EMG recorded in between the arte-
facts. In the experimental evaluation, the average classification rate rclass was
consistently higher for the variants VarB and VarC as compared to the approach
VarA, although for some feature sets the differences were not statistically sig-
nificant (’RMS’ and ’RMS+FD’). However, for all feature sets, VarB and VarC
were more successful in restoring the performance back to the benchmark level
(Table 3.6). Similarly, in virtual blanking tests, the methods VarB and VarC out-
performed VarA consistently in all the outcome measures (Tables 3.2–3.4), and
the differences (VarA vs. VarB or VarC) were statistically significant in all cases,
except for the feature set ’RMS+FD’ (Table 3.5). In particular, the simulation
results indicated that in the more challenging stimulation conditions with higher
frequencies and/or longer artefact duration, methods VarB and VarC are likely
to result in a better performance (Fig. 3.6). For feature sets ’RMS+TD’ and
’RMS+TD+FD’, this was confirmed in the experiments as well, where VarB and
VarC significantly outperformed the approach VarA for higher active stimulation
ratios (κ ≥ 6%).
A somewhat surprising result was that the methods VarB and VarC performed
similarly in the virtual blanking (few statistically significant differences, cf. Ta-
ble 3.5) and almost identically in the applied blanking (no significant differences,
cf. Fig. 3.7), although VarB uses considerably shorter data segments for feature
extraction (up to 40% samples discarded). However, this result is in agreement
with the findings of Englehart & Hudgins [46], who demonstrated that using
less data indeed decreased the classification performance, but in a rather gradual
manner for a certain range of segment lengths. For example, in their experiment
(four EMG channels, four classes, LDA, time domain features) the approximate
performance difference for the range of segment lengths as in the current study,
was no more than 2%. Additionally, the work of Smith et al. [53] as well as Liu
et al. [54] indicate that the classification performance is less sensitive to segment
length if more EMG channels are used.
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When comparing the performance for the virtual and applied blanking, the trends
were similar, but the classification rates were lower in the applied case. The likely
reason for this result was that the stimulation slightly affected the EMG signal
even outside the segments containing the main contribution of the stimulation
artefact. For example, occasional long exponential tails and short term baseline
changes in the vicinity of the artefacts could be noticed upon visual inspection.
These effects were variable between subjects and trials, localized and of small
amplitude. Nevertheless, these minor effects seemed to be sufficient to decrease
the classification rate with respect to the simulated conditions.
For all approaches, the ability to achieve a high accuracy depended on the inter-
action of the following factors: stimulation frequency, artefact duration, and the
type of features used. Furthermore, in the case of VarC, the maximum additional
delay that may be introduced into the system has to be considered. The results
of this study can be used to select the features and a strategy for coping with
stimulation artefacts when implementing a closed-loop myoelectric control sys-
tem using electrotactile feedback. The simplest approach of VarA is not suited for
most practical applications since it provides good performance only for the lowest
stimulation ratios (κ < 6%). Therefore, the methods VarB or VarC should be pre-
ferred. The method VarB uses less data for feature extraction while VarC implies
a longer delay. The results of this study demonstrated, that using less data did
not adversely influence the performance for the range of stimulation ratios used
for the applied blanking experiments (i.e., methods VarB and VarC led to similar
results). However, the approach VarC added a delay that in the worst case was ap-
proximately of 210ms, which is not acceptable in real-life prosthetic applications.
Therefore, the variant VarB is suggested. With this approach, a full performance
recovery could be achieved for active stimulation ratios of 3% for the feature sets
’RMS+FD’ and ’RMS+TD+FD’, 4% for the feature set ’RMS+TD’, and even
6% for ’RMS’ (Table 3.6). In terms of stimulation parameters, the latter case
would, for example, correspond to a maximum tolerable stimulation frequency of
150Hz at a pulse width of 400 µs. For ’RMS+FD’ or ’RMS+TD+FD’ a pulse
width of 200 µs could be tolerated at the same frequency. Indeed, 150Hz was the
maximum frequency used in the experiments. If higher frequencies are used, the
stimulation ratio can be used to estimate a pulse width that may still be handled
with the blanking. Continuing the above example, using a stimulation frequency
of 300Hz would limit the maximum recommendable pulse width to 200 µs for
feature set ’RMS’ (κ = 6%), and to 100 µs for ’RMS+FD’ and ’RMS+TD+FD’
(κ = 3%).
In conclusion, while the presence of artefacts in EMG recordings substantially in-
fluences the classification accuracy in EMG pattern recognition, this study showed
that accuracy can be recovered to the artefact-free levels by simple blanking and
rejection of the blanked data. This practical method determined the same perfor-
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mance as in artefact-free conditions for stimulation frequencies as high as 150Hz
and stimulus duration as long as 400µs, which offer large ranges for parameter
selection.
3.4.2 Proportional Control
Based on these results for pattern recognition for multi-channel prosthesis control,
a second task-based experiment was designed to evaluate the impact of electro-
cutaneous stimulation on classic proportional control of prostheses as it is widely
used in current commercial devices. The ability to restore control performance
using an artefact rejection and segmenting approach was investigated. The ap-
proach was based on the most feasible approach which was identified for pattern
recognition, and only used uncontaminated data segments for estimation of the
control signal.
Direct proportional control of opening and closing of a commercial hand prosthe-
sis by two EMG channels under three different conditions was performed by 15
subjects in an applied grasp - lift - release task (box and blocks test).
It was shown that electrocutaneous stimulation had a strong detrimental effect on
the control performance if artefacts were left unhandled. However, the proposed
approach to pre-process contaminated EMG signals proved to be successful to
consistently restore the performance back to the benchmark level. As the pro-
posed artefact blanking technique is computationally cheap and has only moder-
ate memory requirements it could easily be implemented with current commercial
devices. This facilitates the introduction of prosthetic devices using electrocuta-
neous stimulation to close the loop to the market, and thus being made available
to a large number of amputees in the near future.
That the approach was able to restore the control performance with a propor-
tionally controlled device was an expected result, even slightly exceeding expec-
tations in completely and consistently doing so for every single subject partici-
pating in the study. While subjects were able to successfully move an average of
16± 4 blocks without stimulation (benchmark condition), this number decreased
to 7± 6 when stimulation artefacts were present in the EMG signal. The detri-
mental effects were more severe for some subjects than for others, which indicates
that individual factors such as conductive and capacitive properties of the skin do
indeed play a major role in the formation of stimulation artefacts. Independent
of the severity of the control limitations, a full restoration to the benchmark per-
formance of 16± 4 successfully moved blocks when artefact blanking and signal
mirroring are used to treat contaminated EMG shows the effectiveness of this
practical approach.
In conclusion, while electrocutaneous stimulation detrimentally influences the
EMG signal and poses severe limitations in direct proportional control, this ex-
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periment showed that control capability can be fully recovered by simply rejecting
stimulation artefacts and using pre-artefact EMG stored in a FIFO buffer.
This study has shown that both classic and advanced myocontrol approaches can
successfully be used while electrocutaneous stimulation is applied in the immedi-
ate vicinity of the EMG recording sites. Combined with the recommendations on
feedback encoding paradigms resulting form the first study, this facilitates closing
the loop in EMG-controlled prosthetic systems using electrocutaneous feedback.
In fact, within the scope this study a first closed-loop myocontrolled prosthesis
system was already implemented and successfully tested during online evaluation
of the proposed artefact handling method. The remaining chapters are hence
dedicated to the investigation of the role that sensory feedback plays in closed-
loop prosthesis control. For this, functional as well as non-functional aspects of
feedback are considered. The following chapter focuses on the discussion of func-
tional aspects and presents a study on closed-loop routine grasping with a real
prosthetic hand under different feedback conditions (amount of feedback).
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Full closed-loop myocontrol in
routine grasping: The role of
feedback
The task of implementing an artificial sensory feedback to close the loop in my-
oelctric prosthesis control is a challenging one. This is not because of the diffi-
culties of finding optimal solutions for encoding and providing sensory feedback
information to a prosthesis user, or the detrimental effects that electrocutaneous
stimulation has on the control of prostheses. The previous chapters demonstrated,
that these tasks and issues can be successfully solved. The actual challenge lies
in the nature of the control loop itself as a whole. This includes the prosthesis
user, as well as the prosthesis. The user is in a difficult position: In any case, his
intentions are not instantaneously turned into action by the prosthesis. Too many
delays in the signal processing chain make this impossible. Analogue/digital con-
verters have sample and hold times, control algorithms rely on data segments that
are commonly around 100ms to 250ms long [46,47,53]. That these delays exist,
and that they already affect user satisfaction is a well established fact. While a
delay of up to 300ms in a feedforward-controlled prosthesis is generally assumed
to be acceptable [46, 55], Farell and Weir determined in an applied test that the
maximum controller delay should not exceed 100ms to 125ms, as longer delays
already have a detrimental influence on user performance.
When advancing from feedforward control to closed loop control, additional de-
lays are to be expected on the feedback path, analogous to the delays already
present in the feedforward path. The result is a comparatively large control de-
lay, and effectively makes the control task extremely challenging for the prosthesis
user, who takes the role of the controller in the whole system. Furthermore, it
was hypothesised that for fast motions the time required to process any sensory
input, e.g. from proprioception, is actually larger than the time window during
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which the execution of the motions can still be influenced [56]. Functional bene-
fits of artificial sensory feedback may hence be limited to slow tasks.
However, even for mastering fast motions, such as routine grasping or pointing,
sensory feedback might still be employed by the prosthesis user reflectively, i.e.,
in order to continuously improve his prosthesis control on a trial-by-trial basis.
To test this hypothesis, a study was designed in order to investigate how learning
to use a prosthesis to grasp objects with different slip and fragility properties
is influenced by the amount of feedback available to the user. Three different
feedback conditions were compared: In a basic feedback scenario, only feedback
on the outcome of the grasp attempt was provided, as well as indirect visual and
auditory feedback available from the prosthesis hand. In two further conditions,
additional feedback on the currently exerted grip force was supplied. In a vi-
sual condition, this was supplied via a visual representation on a screen, which is
easy to interpret and was regarded as ideal feedback representation. In a tactile
condition, the same information was provided via an intensity- and frequency-
modulated tactile stimulus.
Few studies specifically addressed the role of feedback in fast routine grasping
tasks. In a recent study by Dosen et al., explicit grasp force feedback was pro-
vided to subjects via a visual channel [57]. One aspect of the study addressed the
realistic scenario of controlling a real prosthetic hand by EMG signals. Subjects
were successful in utilising the presented feedback when asked to repeatedly per-
form fast grasps with specific target force. However, after depriving subjects of
the feedback again, the performance was found to deteriorate, and drifting of the
applied force was observed. It shall be noted, that in this study, neither visual nor
auditory perception of the prosthesis was available to the subjects, so that when
deprived of the artificial feedback, they had to exclusively rely on the previously
build feedforward model for control and their proprioceptive feedback. However,
this is not a realistic scenario, as in real life prosthesis users usually receive a
basic visual (direct observation of hand and interaction objects) and auditory
feedback (perception of motor noise). For instance, the deformation of grasped
objects and of prosthetic fingers indicates the magnitude of interaction forces or
grip strength. This feedback may to a certain degree be exploited. Furthermore,
the possibility to observe the outcome at each and every grasp attempt represents
a form of basic feedback as well.
Ninu et al. investigated this intrinsic feedback and its role in routine grasping.
They also identified an additional feedback variable available to the user: the
observed speed with which the hand closes on the object [58]. The prosthetic
system they used in their study had the property of generating a grasp force that
is proportional to the closing speed. Therefore, they hypothesised that the ob-
served speed is a predictor for the force, and can thus be employed by the subject.
This assumption could be confirmed by the results of the study. However, they
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conceded that proportionality between closing speed and grasp force is essential
for this. Depending on the prosthesis and the control approach employed, this
may not be the case in real life.
The study presented here attempted to investigate the role of additional sensory
feedback for learning of a feedforward task in a more realistic scenario. Subjects
had the opportunity to exploit any visual and auditory feedback cues from the
prosthesis just as an amputee could in daily use of his device. Additionally, target
force ranges were neither explicitly nor implicitly presented to the participants.
Rather a representation of two ordinary everyday objects was presented, and the
amount of force to successfully handle these objects had to be figured out in a
series of trial and error. Participants received an equivalent of the naturally avail-
able feedback on the success of the grasp attempt, i.e., they were informed if the
object would have slipped from their grasp due to insufficient grasp force, or even
been destroyed due to excessive application of force. While this basic feedback
was available across all conditions, explicit feedback on the currently applied grip
force was only available to the subjects in the two extended feedback conditions
(visual and tactile).
4.1 Methods
In this study, a commercially available prosthetic hand prosthesis was controlled
by the participants to repeatedly grasp a dummy object. For repeatability of
grasp conditions and object contact, the prosthesis was placed on a stand on
the table instead of being worn by the subjects. Hence, the usual spatial con-
straints regarding placement of the stimulation end effector within a closely fitting
prosthetic socket did not apply, and for ease of setup and shortening of the exper-
imental time for each subject, vibrotactile stimulation was chosen over electrocu-
taneous stimulation. In electrocutaneous stimulation, subject-specific sensation
and comfort thresholds need to be determined, which constitutes a certain mental
effort for the subjects and would additionally have prolonged the protocol. How-
ever, since for this experiment it was essential to keep subject concentration on
a high level throughout the protocol, the possibility to shorten the setup time by
using vibrotactile stimulation was exploited. An effect on the outcome of the ex-
periment due to the modality of the tactile stimulation is not expected, as it was
previously shown that vibrotactile stimulation and elctrocutaneous stimulation
perform similarly as feedback modality [59].
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4.1.1 Experimental Setup and Protocol
For this study a commercial state-of-the-art prosthetic hand (Michelangelo hand
prosthesis, Otto Bock HealthCare GmbH, Germany) was used to grasp a rigid
dummy object. The prosthesis features an internal sensor to measure the cur-
rent grasp force. The measured force can be requested via a specific research
protocol and is available in percent of the maximum force applicable by the
hand. The closing speed of the prosthesis was controlled by the subjects by an
electromyographic (EMG) signal recorded via a single bipolar EMG electrode
(13E200=50AC, Otto Bock HealthCare GmbH, Germany) from the wrist flexor
muscle of the left forearm. For this, the root mean square value over 128ms of
EMG signal was calculated, and was used to proportionally control the closing
speed of the prosthesis. Subjects were informed prior to the experiment that
by steadily contracting their forearm muscles with a certain intensity, the hand
would close on the dummy object with a constant speed, and the final force that
would be measurable at the dummy object when the grasp was completed would
be approximately proportional to the contraction intensity they had chosen. The
task was to quickly grasp the dummy object with a certain target force. Once the
object was grasped, the forward control was disabled to prevent user attempts at
correcting the applied force. There were two target force ranges. The lower target
force to be achieved simulated to grasp a light, fragile object, such as a raw egg.
The higher target force represented the force necessary to handle a heavy, robust
object, e.g. a dumbbell. However, subjects were left ignorant of the valid force
ranges that would correspond to successful object manipulation. The only cue
they got was a visual representation of the simulated object they should attempt
to grasp. Subjects had to find the correct force, and with that the correct amount
of muscle contraction on a trial-and-error basis.
Three types of feedback were designed for the purpose of this experiment. Au-
ditory feedback on the overall success of a single grasp attempt, and both visual
and tactile feedback on the current grasp force exerted by the prosthesis. Vi-
sual feedback was intended as mean to establish a benchmark performance, as
it is could be considered to be an ideal feedback where the feedback intensity
is easily and intuitively understood due to good visual resolution and a certain
accustomedness to visual signal representations in daily life (e.g. analogue ther-
mometers, speedometers, clocks, scales ...). Tactile feedback was intended to
carry the additional information content on the grasp force not usually available
to prosthesis users.
In order to determine the training success over time, the experiment was split
into seven runs with five minute breaks between runs. Each run consisted of
50 grasp attempts. As mentioned earlier, the goal of each grasp was to close











Figure 4.1: Schematic of experimental setup as seen from above. A bipolar EMG
electrode records the flexor muscle signal used to control the prosthetic hand.
Next to the EMG electrode and on the opposite side of the forearm two vibration
tactors are applied. Sensor data from the prosthesis is transmitted to the PC via
Bluetooth. The task is presented to the subject on the screen. Basic feedback on
the success of each grasp attempt is provided via the speaker.
within a certain range. The two force windows targeted in this experiment were
35.0%± 7.5% of the prosthesis’s force range (representing a light, fragile object)
and 67.5%± 7.5% (representing a robust and heavy object). Of the 50 grasp
attempts in each run, 25 trials were aimed at the lower target force, and 25 trials
at the higher target force. Low and high force targets were presented in random
order under the constraint that at least two consecutive trials had the same target
force window.
A schematic view of the experimental setup is represented in figure 4.1, the view
as seen by the subject during the experiment is shown in figure 4.2.
4.1.2 Participants and conditions
In order to investigate the effect of different depths of information content about
grasp force on the training of a routine grasping task, three different feedback
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Figure 4.2: Schematic of the view presented to the subject during the experiment.
On a computer screen the target force window is indicated by a visual cue (object
indicator). For the visual feedback group, a visual representation of the current
grasp force (force bar) is presented on the screen next to the object indicator.
The prosthesis hand is placed in front of the screen.
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conditions were designed for this study. Subjects participating in the experiment
were distributed into three groups, where each group performed the experiment
under one of the feedback conditions, i.e., different subjects received different
types of feedback about the grasp force that was exerted with the prosthesis.
A total number of 22 able-bodied subjects (13 male, 9 female, average age 24± 4
years) volunteered to participate in this study. During the experiment, it became
obvious, that one of the subjects had not understood the task, and that data
collected from this subject would potentially falsify the outcome of this study.
Hence, this data was excluded from the analysis later on, and a replacement
subject was recruited to maintain even group sizes.
The first group, the VISUAL feedback group, received a visual feedback via the
computer screen. The feedback was displayed as a bar graphic, where the height
of the bar was proportional to the grasp force measured at the prosthesis. The
second group, the TACTILE group, received a vibrotactile feedback, which was
transmitted to them via two C2 tactors (Engineering Acoustics Inc., USA), which
were placed on the ventral and dorsal side of the forearm close to the EMG
recording electrode (compare figure 4.1). Two stimulation sites were used instead
of one, as findings of the first study indicated that the use of more than one
stimulation channel improves the perceptibility of the feedback (cf. chapter 2).
The vibrations were modulated in order to represent the prosthesis’s current
grasp force. This study also focuses on temporal aspects of mastering a new skill,
and it was assumed that with time, subjects could exploit tactile grasp force
feedback encoded via intensity. This directly relates to findings of the first study
and represents a further application the results. Additionally, frequency of the
vibration was mapped proportionally to the full range of force achievable with the
prosthesis. Here, the minimum detectable force corresponded to a 50Hz vibration
with 20% of the possible amplitude, and the maximum force was mapped to a
200Hz vibration with 100% of tactor amplitude. The third group, the BASIC
group, did not receive any information about the exact force that was exerted
by the prosthesis. After each grasp attempt, members of each group received
an auditory cue, which informed them of the overall success of the current grasp
attempt. Thus they received the basic information if the achieved force was
appropriate for the object, too high (object would have been broken), or too low
(object would have slipped during manipulation). This audio cue conveys the
outcome of the grasp attempt that can in any case be perceived in real life, with
one’s own hands as well as with conventional prosthetic hands.
4.1.3 Outcome measures
As a measure for the subjects’ performance, success rate was used. It is defined
as the ratio of successful grasp attempts over all attempts in a run. For each run,
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Table 4.1: Low force grasp success rates
run BASIC VISUAL TACTILE
1 62.9%± 10.8% 63.4%± 16.6% 60.0%± 14.4%
2 62.9%± 14.2% 70.3%± 11.7% 57.7%± 14.9%
3 68.0%± 8.0% 72.6%± 18.7% 61.7%± 13.8%
4 68.6%± 15.2% 74.9%± 20.9% 69.7%± 14.2%
5 69.7%± 8.6% 73.1%± 12.8% 75.4%± 13.2%
6 74.3%± 12.6% 73.7%± 16.6% 67.4%± 17.0%
7 67.4%± 14.7% 73.7%± 12.8% 64.6%± 11.6%
Table 4.2: High force grasp success rates
run BASIC VISUAL TACTILE
1 26.3%± 8.3% 26.9%± 8.9% 30.3%± 13.6%
2 33.7%± 21.3% 33.7%± 14.2% 38.3%± 12.8%
3 38.3%± 18.6% 37.7%± 12.0% 45.7%± 20.5%
4 40.6%± 12.1% 45.1%± 18.6% 46.3%± 10.3%
5 39.4%± 17.5% 34.3%± 8.3% 37.7%± 19.4%
6 41.7%± 16.5% 42.3%± 13.6% 50.9%± 12.2%
7 43.4%± 23.5% 44.6%± 17.2% 45.7%± 14.0%
success rates for low and high target force windows were determined separately.
Grasp force variability as measured by the standard deviation of final grasp forces
per grasp attempt, was employed as a measure of the subjects’ ability to reliably
reproduce grasps. Repeated measures three-way ANOVA with the force level and
number of run as within-subject factors, and feedback condition as categorical
factors, as well as Newman-Keuls post hoc tests were applied to statistically
analyse success rate and force variability results.
4.2 Results
Figure 4.3 shows the success rates for the high force level grasp attempts and
the low force level grasp attempts as achieved by the subjects in the different
feedback groups. Detailed results are given in tables 4.1 and 4.2, respectively.
There were no interactions between the factors (run, force level, feedback con-
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Figure 4.3: Average success rate per run and feedback condition. Success rates
for hitting low target force windows are significantly higher than those for hitting
high target force windows (p < 0.001). No statistical differences between groups
were found (p > 0.8).
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Figure 4.4: Average success rate in each run across all feedback conditions and
force levels. Subjects were able to improve their performance with time.
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dition). Also, no difference could be determined between the different feedback
conditions.
There was, however, a significant difference in subject performance regarding the
force level. In general, subjects were markedly more successful in producing low
force grasps than high force grasps (p < 0.001). For instance, the minimum suc-
cess rate measured for the high force level was as low as 4%, while for the high
force level at least 36% of the grasp attempts in each run were successful. The
maximum success rate for the high force level achieved during the experiment
was 88%, while for the low force level even 100% were achieved on one occasion.
The average success rate across all subjects and runs was 39.2%± 15.7% for high
force grasp attempts, and 68.2%± 14.2% for low force grasp attempts.
Furthermore, subjects were able to improve their performance with time. Fig-
ure 4.4 shows the average success rates across all subjects and feedback conditions
as determined for each run. While the average overall success rate during the first
run was 45.0%, it steadily increased during the following runs until reaching a
plateau at roughly 57% in run 4. There is a trend for this improvement of grasp
success to be more pronounced for the high target force level, especially during
the first four runs of the experiment, as can be seen from Fig. 4.3.
The variability of the grasp force is shown in Fig. 4.5. As for the success rate,
there were no interactions between the factors feedback condition, number of run,
and target force level. Again, no statistically significant difference between the
different feedback conditions could be determined. However, similar to the obser-
vations made for the subjects task performance, both the main factors number
of run and force level were found to influence the variability of the grasp force.
Grasp attempts targeting the higher force level were significantly more variable
than those targeting the lower force level (p < 0.001). While variability for high
force grasps ranged from 10.7% to 16.7% of the prosthesis’s total grasp force
range, variability for low force grasps was only in the range of 6.3% to 10.5%.
In average, variability of grasp forces decreased significantly after the first run,
which can be clearly seen in Fig. 4.6. Initially, average force variability was larger
than 13% of the whole force range the prosthesis could produce. By the second
run, subjects were able to decrease variability by 20%, and by 27% by the final
run.
Finally, for high target forces, there was a trend for lower force variability to
emerge after the first two runs in the TACTILE group as compared to the BA-
SIC and VISUAL feedback groups. While decrease of force variability was com-
parable for all groups between the first and second run, in the third run the
average force variability only continued to decrease further with the tactile feed-
back. Henceforward, it was consistently lower in this group than for the other
feedback conditions. This can be seen in Fig. 4.5. . However, the difference was
not statistically significant (p > 0.05).
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Figure 4.5: Variability of grasp force within each run. There is less variability in
low force grasps than in high force grasps (p < 0.001). Variability significantly
decreases after the first run for all feedback conditions in the high target force
grasps. There was a trend that for high target forces, tactile feedback reduces
variability further than basic or visual feedback (run 3 to 7). This was, however,
not statistically significant (p > 0.05).
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Figure 4.6: Average variability of grasp force across all feedback conditions and
target force levels. Variability decreases significantly after the first run (p <
0.001).
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4.3 Discussion
This study investigated the influence of the amount of feedback available on the
ability of subjects to master a routine grasping task in the context of objects of
previously unknown weight and friction properties. For this purpose, subjects
used EMG to control a real prosthetic hand to repeatedly grasp a dummy object.
Visual prompts indicated that the object was either heavy and robust (dumb-
bell), or light and fragile (egg). For a grasp to be successful, the grasp force
had to lie within a specific target force range unknown to the subject. Subjects
learned to adjust the control of the prosthesis on the basis of trial and error.
At that, three different feedback conditions applied. The first group of subjects
only had BASIC feedback at their disposal, i.e., they could watch the prosthesis,
and post-grasp auditory cues indicated the success of the grasp (force too high,
force too low, force appropriate). Two independent groups of subjects received
an additional feedback on the currently exerted grasp force via a VISUAL and
TACTILE channel, respectively. Success rate and variability of force were used
to evaluate subject performance.
Strong differences were found in both success rate and force variability for the dif-
ferent target force levels. This indicates, that the task of reliably producing high
grasp forces within a certain range was much more challenging for the subjects
than producing lower grasp forces. A learning effect could be observed regardless
of the amount of feedback available to the users. That is, improvement of both
consistency and success to produce required force could be improved with time.
The observed learning effects seemed more pronounced in high force level targets
than in low force level targets. Additionally, in the high force condition there
was a trend for members of the TACTILE feedback group to continue reduction
of force variability and produce more consistent grasp forces, when a plateau had
been reached by members of the other feedback groups.
The experiment demonstrated, that the effects of additional artificial sensory
feedback were low and hardly contributed to improving or accelerating the sub-
jects’ mastering of this specific task. However, in this study, it was not possible
for subjects to modulate the grasp force once they had grasped the object, as fast
routine grasping should be emulated. In real life, such modulations would be pos-
sible, and are indeed performed when an object is not grasped firmly enough and
applied force is not sufficient to keep it from slipping during manipulation. The
required force depends on weight, friction properties, and manipulation speed,
e.g., waving or shaking an object requires a firmer grip than carefully lifting it
off a surface. It is assumed, that in such scenarios, the functional advantage of
force feedback is more pronounced, and this should be investigated further.
An interesting finding was that high target forces were generally harder to achieve
than low target forces, and it can be assumed that this is related to feed forward
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control of the prosthesis. The cause might be the missing capability of the users
to reproduce a reliable EMG control signal of appropriate strength. One solution
to address this issue has recently been presented by Dosen et al., who suggested
using the EMG signal itself as a novel feedback approach to improve prostheses
forward control [52]. Thus, users could immediately assess the strength of the
control signal they are producing, without having to derive it from the behaviour
of the prosthesis.
In conclusion it was shown, that basic feedback suffices to facilitate learning of
fast routine grasping in a myocontrolled prosthesis. A trend for tactile feedback to
assist in the reduction of force variability was visible, but not significant. Impor-
tantly, providing additional sensory feedback beyond the basic feedback already
available in real life, did not have detrimental effect on the mastering of the task.
This is a fundamental requirement when considering the application of sensory
feedback in non-functional contexts. Such a non-functional context could be the
use of electrocutaneous stimulation to aid embodiment of prosthetic devices, and
related to that, the treatment of phantom limb pain [60]. The following chapter
presents a study investigating the role of sensory feedback via electrocutaneous
stimulation for facilitation of embodiment of an artificial finger.
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In the previous chapters it was demonstrated how to encode information into an
electrocutaneous stimulation pattern, so that it is perceived well and can be ex-
ploited by the user in a challenging control task. Simultaneous electrocutaneous
stimulation and myocontrol of prosthesis has been addressed. It was shown that
the two are compatible if appropriate approaches are implemented to handle the
challenge of stimulation artefacts. Consequently, functional aspects of sensory
feedback were highlighted in the context of closed-loop routine grasping.
The current chapter now addresses a non-functional aspect of sensory feedback in
prosthetics, and specifically sensory feedback via electrocutaneous stimulation. A
much discussed topic in the context of prosthesis use is the amputee’s capability
to integrate the prosthetic device into his body scheme. This is called embodi-
ment.
A popular experiment addressing embodiment is the rubber hand illusion, which
was first described by Botvinick and Cohen [61]. For this experiment, a lifelike
rubber hand is placed in front of a subject and partially covered by a piece of
cloth, which is also draped over the subjects shoulder. The setup is arranged in
a way that it might be anatomically possible, that the hand protruding from the
cloth is actually the hand of the subject. The subject’s real hand is instead placed
either under the table, or next to the rubber hand, but is in any case shielded
from the view of the subject. An investigator then simultaneously stimulates
both the rubber hand and the subjects real hand, e.g., by gentle brush strokes.
It is important that the stimulation on both real and rubber hand is done in
the same location, e.g., a specific digit, and that it is executed in a simultaneous
fashion. The subject can feel the stimulus on his own hand, but can only see the
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rubber hand. After a time, subjects generally start to perceive the rubber hand
as their own hand, and the rubber dummy is temporarily incorporated into the
subject’s body scheme. An important factor for the success of the illusion is the
multisensory stimulation, i.e., visual and tactile. The illusion cannot be created if
the stimuli are asynchronous or the rubber limb is positioned in an anatomically
implausible position [62, 63].
Interestingly, it is not necessary for the stimuli to express the same modality to
achieve the illusion of ownership of the rubber hand. In an experiment where
subjects’ finger tips were stimulated with vibrators instead of a brush, partici-
pants still experienced ownership of the rubber hand, which was stimulated by
brush strokes as in the classic setup [64]. In another study, Mulvey et al. used a
strong electrocutaneous stimulation above the superficial radial nerve to project
a feeling of paresthesia into the fingers [65]. It was found that even for this ap-
proach to provide a stimulus to the subject’s own hand, perceptual embodiment
could be achieved, albeit not as consistently as when brush stroking was used.
In the past, variations of this rubber hand illusion experiment were also used
to investigate if amputees could perceive this illusion as well, either for rubber
hands, or for prosthetic hands which were rather robotic-like in their appear-
ance [62]. Ehrsson and colleagues had amputees participate in a rubber hand
illusion experiment, where a rubber hand and the residual limb, and here in
particular corresponding points on the phantom map if one was present, were
brushed simultaneously [66]. Their results suggested, that amputees could in
general experience the rubber hand illusion, and that the presence of a phantom
map might assist in this.
The goal of the study presented here was to investigate if an artificial body part,
in this case a single digit, could be incorporated into the body scheme if not
only the modality of the sensation changed (sensory substitution), but if also the
location of the perceived stimulus was incongruous with the visual perception
of the stimulus. This is motivated by the fact, that not all amputees express a
phantom map on their stump to be used for transfer of sensory information from
the prosthesis to the user. Even for those amputees who display a phantom map,
it might still be unusable if it superimposes the optimal EMG recording sites.
Both cases would require sensory stimulation in sites on the residual limb which
are initially not associated with the location on the prosthesis or former hand
where a stimulus occurs. However, the working hypothesis here is that amputees
learn to interpret the stimuli [3], and that with time plastic changes along the
neural pathway will allow them to intuitively associate the skin areas receiving
the sensory stimulation with corresponding sites on the prosthesis.
The rubber hand illusion experiment has been modified to include both the as-
pects of changing the modality of the stimulation, as well as the visuo-tactile
incongruence in perceived location of the stimulus. Instead of a rubber hand, a
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Figure 5.1: The BioTac artificial finger in a special socket used for mounting.
The miniature circuit board seen on the socket is for interfacing the finger. The
rubber skin has a lifelike paint cover specifically applied for this experiment.
single artificial sensor finger segment was used, and represented the distal phalanx
of the index finger. The finger could be interfaced with a computer for collection
and processing of sensor data about the investigator’s interaction with its skin.
As a location for the transfer of stimuli to the subject, the palmar side of the
forearm was chosen. In an amputee, this would correspond to the stimulation of
the palmar side of the residual limb. Stimuli were presented via electrocutaneous
stimulation, as this would be a convenient way of presenting sensory feedback to
amputees, as has been discussed earlier. Participants in the study were assigned
to one of two groups. While the test group received stimuli that were causally
coherent with the stimulation observed for the artificial finger, members of a con-
trol group received incoherent and delayed stimuli. By subjecting both groups to
an equal amount of electrocutaneous stimulation, any effects of the stimulation
itself which are unrelated to the illusion experiment could be excluded.
5.1 Methods
5.1.1 Experimental setup
In this study, the BioTac artificial finger (Syntouch, LLC, USA, see figure 5.1) was
used instead of a complete rubber hand or hand prosthesis. This single artificial
digit consists of a rigid core structure, which is equipped with 19 distance sensors,
a plastic finger nail, which is connected to the core structure, and a loosely fitting
rubber skin. The space between core and skin is filled with a fluid and slightly
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Figure 5.2: Schematic illustration of the artificial finger’s structure. Interaction
with the finger deforms the skin. This deformation can be detected by the distance
sensors attached to the core structure. Due to the total number of 19 sensors a
good spatial resolution of the interaction can be obtained.
pressurized. The sensors on the core structure measure the deformation of the
rubber skin that occurs when the finger is touched or used to interact with other
objects. The internal structure of the finger is shown in the schematic figure 5.2.
A green-coloured skin is originally provided with the finger. As in preliminary
tests, subjects stated that this unnatural color constantly reminded them that
the finger was not a part of their body, a lifelike skin-coloured paint cover was
applied to the rubber skin for this study (cf. figure 5.1).
The artificial finger was attached near the edge of a narrow table, the finger tip
was pointing diagonally upwards and towards the investigator, who was seated in
front of the table. Participants were seated at the opposite side of the table and
facing the investigator. Their right forearm was comfortably resting on the table
top, palm facing upwards. Participants were directed to place their hand in the
proximity of the artificial finger and were asked to extend their index finger in a
relaxed fashion, which led to similar postures of both artificial and real finger. A
cover was placed over the subject’s forearm, so that their own hand was shielded
from their view. The artificial finger, however, was protruding from the cover
and could be observed by the subjects throughout the experiment. A schematic
drawing of this setup is shown in figure 5.3.
Four concentric self-adhesive Ag/AgCl electrodes were attached to the ventral
side of the forearm. Electrocutaneous stimulation patterns were generated by
a medical stimulation device (RehaStim, Hasomed, Germany). Both the sensor
finger and the stimulator were connected to a PC running Matlab Simulink and












Figure 5.3: Schematic drawing of the experimental setup. The investigator inter-
acts with the sensor finger, while the subject seated opposite observes the finger.
The subject’s own hand is shielded from the subject’s view by a cover. Sen-
sor data from the sensor finger is converted into electrical stimulation patterns
applied to the subject’s forearm via a medical stimulator and four stimulation
electrodes.
in appendix A.
5.1.2 Participants and experimental conditions
A total number of 31 healthy, able-bodied volunteers (mean age 28 years, twelve
female) participated in this experiment after signing informed consent. Each
participant was randomly associated to one of two groups, test group (TEST) or
control group (CONTROL). Each group experienced different feedback conditions
during the experiment.
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Test group A total of 21 subjects were associated to the test group. Spatial
information on the interaction locations on the artificial finger, as well as strength
of the interaction (light or strong touch) were included in the stimuli in order to
provide rich feedback for this group. For this purpose, findings of the first study
(cf. chapter 2) are directly employed for designing the feedback provided to the
subjects. Firstly, the primary, more obvious aspect of the interaction with the
finger, i.e., the location on the finger tip where the skin is touched, was conveyed
via spatial encoding, which was found to be most intuitive for subjects in the
study investigating different encoding paradigms. Though, strictly-speaking, this
spatial encoding of location information is not modality-matched feedback, as the
modality of the sensation itself is still changed, the aspect of conveying location
information spatially was expected to further assist in the intuitiveness of the
feedback.
Secondly, as discussed in chapter 2, the subjects’ capability of exploiting high-
resolution intensity-encoded feedback after a certain accommodation and training
phase was taken into account, and a second aspect of the sensory feedback avail-
able from the finger, i.e. information on strength of touch, was encoded using
intensity modulation on the same electrodes used for the spatial feedback.
Each of the sensors of the artificial finger was allocated to at least one of four
areas on the finger tip’s surface: front (area 1), back (area 2), left (area 3) and
right (area 4). A schematic drawing of the sensor positions inside the artificial
finger and the tactile areas contributing to each electrode’s stimulation is shown
in figure 5.4. Each area was mapped to one of the electrodes on the forearm. The
stimulation received on the i-th electrode was proportional to the weighted sum




wi,n · sn (5.1)
The weights w were chosen to satisfy two conditions. First, the sum of all sensor
weights in an area equals one:
∑
n∈Ni
wi,n = 1 . (5.2)
Second, as compared to the weights of sensors fully contributing to an area, the
weights of sensors allocated to more than one area were reduced by a factor which
reflects the number of areas they are associated to. That is, for a sensor, which
contributed to the measured activity of two areas, its weight was chosen to be
half of the weight of a sensor exclusively associated to that area.
For the interested readers, the following example illustrates the calculation of
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Figure 5.4: Location and indices of sensors inside the artificial finger tip. Each
sensor is associated to one or two of four areas, which are mapped to four stim-
ulation sites.
to the overall activity in area 1. According to the second condition, it holds
that for k ∈ {1, 11} (partially contributing sensors) and l ∈ {7, 8, 9, 10} (fully
contributing)
w1,k = 0.5 · w1,l . (5.3)
From equations 5.2, where N1 = {1, 7, 8, 9, 10, 11}, and 5.3 we get that
2 · w1,k + 4 · w1,l = 5 · w1,l = 1 ,
and it follows that for area 1 the weight w1,k = 0.1 for partially contributing
sensors, and w1,l = 0.2 for fully contributing sensors.
Control group The second group of subjects participating in the experiment
was designed as a control group to determine the general effect of non-causal
electrocutaneous stimulation, and for comparison of the embodiment effect with
the test group.
It has been established, that for the integration of a rubber hand into the self im-
age during rubber hand illusion experiments, the visual and tactile stimuli have
to occur simultaneously [61]. Introducing asynchrony has an adverse effect on the
development of sense of ownership of the alien hand. The maximum acceptable
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delay of 200ms to 300ms, which should not be exceeded, has been determined ex-
perimentally in delayed rubber hand illusion experiments by Shimada et al. [67],
and recently in the robot hand illusion experiment by Ismail and Shimada [68].
Based on these findings, the stimuli for the control group were designed. Subjects
in this group also observed the investigator’s interaction with the artificial finger
and meanwhile received electrocutaneous stimulation. The stimulation patterns,
however, were neither temporally nor spatially congruent with the interactions
at the artificial finger. Firstly, while the general feedback was still based on the
sensor data, a variable delay was added to the stimulation pattern (0.5 s to 1 s).
Additionally, in order to introduce further causal decoupling of the stimuli ap-
plied to the artificial finger and the electrocutaneous stimulation on the subject’s
forearm, association between the four sensor areas and the four stimulation areas
was randomly switched every three seconds. A total number of ten Subjects were
assigned to the control group.
5.1.3 Outcome measures
This study uses subjective and objective measures for determining the outcome of
the experiment, that is, if integration of the artificial finger into the body scheme
occurred.
Proprioceptive drift, which was originally referred to as reach displacement by
Botvinick and Cohen [61], is a common measure used in rubber hand illusion
experiments. Before and after the intervention, subjects are asked to point to the
perceived location of a certain reference point, e.g. the tip of their index finger.
As their hand is covered during the experiment, they have to rely on their sense
of proprioception. The difference between the estimate made after the interven-
tion and the estimate made before is called proprioceptive drift. A drift towards
the rubber hand is associated to the subject attributing the rubber hand to his
own body, in contrast to a drift away from the rubber hand. For the original
rubber hand illusion experiment, a mean proprioceptive drift of 2.3 cm towards
the rubber hand was reported for the test group, while in the control group, a
mean drift of 1.3 cm away from it occurred [61]. Similar values were found by
Tsakiris and Haggard, who observed a mean drift of almost 3 cm towards, and
almost 1 cm away from the rubber hand in test and control group, respectively.
In this study, proprioceptive drift was determined for the index finger tip. It
was hypothesised that under the TEST condition, subjects would exhibit posi-
tive proprioceptive drift, while in the CONTROL condition no or negative drift
was expected.
As an objective measure, the change of temperature of the index finger is em-
ployed. In a comprehensive study by Moseley et al. it was found that the body
part which is the object of a rubber hand illusion experiments cools down [69].
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The stronger the perceived illusion is, the more pronounced the temperature drop
in the respective body part. It was concluded that the reverse effect of embodi-
ment takes place here, and that while the rubber hand is successfully perceived
as part of the body and integrated into the subject’s body scheme, the subject’s
own hand is simultaneously disembodied. This manifests in reduced circulation,
which in turn results in decrease of skin temperature.
It was expected to observe a similar effect if the transfer of sensory input from
the artificial finger tip to the forearm via electrocutaneous stimulation was suc-
cessfully facilitating embodiment of the finger.
5.1.4 Experimental procedure
In this experiment, a 100Hz stimulation with fixed stimulation current of 3mA
was used. Those subjects unfamiliar with electrocutaneous stimulation were given
the opportunity to experience some low intensity stimulation, and feel the effect
of different pulse frequencies. After that, the sensation thresholds (i.e., minimum
stimulation pulse width necessary to elicit a sensation) and comfort thresholds
(i.e., upper limit for stimulation pulse width before stimulation is perceived as
uncomfortable) were systematically determined for each of the electrodes. The
test environment was configured to map the complete stimulation range (sensa-
tion to comfort threshold) to the sensor input range (light touch/deformation of
the skin to strong touch/deformation of the skin).
The rubber finger illusion experiment itself was split into three runs. The first
and second run lasted five minutes, the last run three minutes. In between runs
subjects were given five minute breaks to relax. During each run, the investiga-
tor interacted with the artificial finger by using a combination of three different
methods: simple touching, stroking and flicking. Touching focused on single point
interactions and was aimed at creating pressure on different locations all over the
sensor finger. Stroking was either executed from tip to back or vice versa, or
from left to right or vice versa. Care was taken to perform a uniform stroke in
one direction that would result in a constant pressure point shifting across the
finger. Flicking meant flicking the side of the rubber finger. It shall be noted
that flicking caused a short sharp burst of activity to be detected by all of the
finger’s sensors.
Before the first run, subjects were asked to estimate and point to the position of
their own fingertip under the cover, and the skin temperature on the subject’s fin-
gertip was measured using a non-contact infrared thermometer. This procedure
was repeated immediately after each of the three runs.
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Figure 5.5: Comparison of proprioceptive drift measurements. In both condi-
tions, a slight positive drift towards the artificial finger occured in average (TEST:
1.1 cm± 2.4 cm, CONTROL: 1.1 cm± 2.4 cm). The was no statistically signifi-
cant difference (p > 0.9).
5.2 Results
Figure 5.5 shows the results of all available measures of the total proprioceptive
drift observed. For one subject of the test group, proprioceptive drift had to be
discarded due to movement of the subject, before the measure could be taken.
Under the TEST condition, subjects predominantly expressed positive proprio-
ceptive drift. Only four out of 20 measurements showed no or negative propriocep-
tive drift. The total range of drift observed was [−1.5 cm, 4.7 cm], the mean and
standard deviation of proprioceptive drift in the test group were 1.1 cm± 1.5 cm.
Very similar results were observed for the CONTROL condition. Also for this
group, positive drifts were determined for six out of ten measurements, while
four subjects showed no or negative proprioceptive drift. The total range of drift
observed was [−3.0 cm, 5.0 cm], the mean and standard deviation in the con-
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trol group were 1.1 cm± 2.4 cm. No statistical difference between the conditions
TEST and CONTROL was found (p > 0.9).
Figure 5.6 shows the results of the temperature measurement. In the test group,
finger temperature changes were generally measured around 0 ◦C, while for the
control group they were predominantly positive. In the test group, about half of
the subjects showed a drop in finger temperature, while for the other half a rise
in temperature was detected. In average, the finger temperature decreased by
0.19 ◦C ∓ 1.88 ◦C during the experiment. In the control group positive changes
were measured in all subjects except one. In average, the finger temperature
increased by 1.81 ◦C± 2.06 ◦C for subjects in the control group. The difference
between groups was statistically significant (p < 0.05).
5.3 Discussion
The literature often reports differences in the mean proprioceptive drift for treat-
ment and control groups [61, 64, 66, 70]. Interestingly, the current study was not
able to reproduce this effect, and no notable difference between the treatment
and control group could be measured (p > 0.9). However, the range of drifts
observed here (−1.5 cm to 4.7 cm) is similar to the range of drifts observed by
Botvinik and Cohen (ca. −4 cm to 9 cm) [61], especially when taking into account
that also the initial distance between the artificial real limb was larger in that
study. Unfortunately, this statement can only be made for the test condition as
presented in the original rubber hand illusion paper, as individual results for the
control condition were not reported, and other studies likewise only report mean
values.
Thus said, the main difference found as compared to studies reported in the liter-
ature was, that the majority of subjects experienced comparable proprioceptive
drift towards the artificial finger, regardless of the feedback condition (TEST,
CONTROL). Only few subjects estimated their finger to have the same distance
or be farther away from the sensor finger after the experiment as compared to be-
fore the experiment. These results seem to be more in line with findings by Rosén
et al., who reported that only three out of five amputees showed greater positive
proprioceptive drift in a robot hand illusion experiment during the test condition
(synchronous stimuli), as compared to the control condition (asynchronous stim-
uli) [62].
A comprehensive study by Tsakiris and Haggard [70] offers a possible explanation
as to why this could be the case. They investigated if proprioceptive drift was
different for a finger that was not the object of the illusion experiment (i.e., did
not receive stimuli), as compared to the drift of the finger that had been stimu-
lated during the intervention (stroking with a brush). In fact, results of the test
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Figure 5.6: Comparison of change in finger temperature across groups. For
the test group, the finger temperature slightly decreased during the experiment
(−0.19 ◦C± 1.88 ◦C), while for the control group, finger temperature generally in-
creased (1.81 ◦C± 2.06 ◦C). The difference was statistically significant (p < 0.05).
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and control conditions were only found to be significantly different, if the subjects
had to estimate the position of the same finger that was stroked. When position
was estimated for a different finger, no significant differences were found.
This finding could rely to findings of the current study, as also here the posi-
tion estimate was made for a finger that did not actually receive any stimulation
during the experiment. Hence, it is assumed, that the chosen measure of propri-
oceptive drift of the finger may not be a reliable measurement for embodiment,
when the artificial feedback is actually supplied to the forearm.
Results for the temperature measurement were more conclusive. Based on the
findings by Moseley et al. [69], a slight decrease in skin temperature was ex-
pected for the test group, while skin temperature for control group subjects was
expected to remain unchanged. Contrary to that, while a very slight average de-
crease was found for the test group (−0.19 ◦C± 1.88 ◦C), the participants of the
control group showed a notable average temperature increase (1.81 ◦C± 2.06 ◦C).
Two explanations for this phenomenon are possible. The first would be that a
systematic error in the setup or measurement was the cause. Firstly, changes
in the room temperature were possible (no climate control available), and may
have influenced the measurement. The second explanation is that warming of the
hand is an effect unrelated to environmental conditions, and that it was directly
caused by the application of electrocutaneous stimulation, which is known to en-
hance circulation. In both cases, the effects should be visible for both TEST and
CONTROL condition, which still makes it possible to draw conclusions from the
measurement of the skin temperature.
As changes in skin temperature showed a positive offset with respect to the initial
expectations for both groups, it is assumed that general offset was added to the
temperature development. This can be a result either of environmental condi-
tions influencing the measurement, or of experimental procedures (i.e., increased
circulation due to electrocutaneous stimulation). As a consequence, this offset
is presumed to have compensated, for instance, an actual cooling effect in the
test group, and to have shifted measurements for the control group away from
the expected zero line. Following these assumptions and from the significantly
different temperature development observed in the test and control groups, it can
be concluded that embodiment of an artificial finger could actually be induced by
providing sensory substitution feedback via electrocutaneous stimulation on the
forearm. This is an exciting result, with interesting implications for amputees
and the possibilities to provide sensory feedback that aids them in incorporating
their prostheses into their body scheme. Further psychological and medical ben-
efits are expected, such as increased acceptance of prosthetic devices, reversal of
maladaptive plasticity, and alleviation of phantom limb pain [7].
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Loss of a hand has severe implications for the daily life of affected people. Though
modern upper limb prosthetics offer some relief, as they can restore rudimentary
motor function, amputees are still deprived of the rich and abundant sensory
feedback naturally available from the hand. This dissertation is dedicated to
the application of electrocutaneous stimulation as means for providing sensory
feedback to amputees. Particular focus is on investigating its feasibility in com-
bination with myoelectric prosthesis control, potential benefits arising from the
resulting new possibility for closed-loop prosthesis control, and the feedback’s
role in facilitating embodiment of prosthetic components. For these purposes, a
series of four independent studies was conducted.
First, different approaches for encoding feedback information into electrocuta-
neous stimulation patterns were proposed and evaluated. Although a pure spatial
representation of the feedback variable by means of utilising a number of stim-
ulation sites seemed intuitive, its major disadvantage proved to be the need for
digitising the feedback variable, which leads to a loss in information resolution.
This became apparent, when comparing this approach to pure intensity encod-
ing, i.e., the information variable is presented via a single stimulation channel,
where the range of the feedback information is mapped to a range of comfort-
able and perceivable stimulation intensities. Here, high resolution of information
can be maintained. However, slow changes in stimulation intensity are hard to
perceive and may remain unnoticed. An approach uniting advantages of both
these methods is a combined spatial/intensity approach. Since results for pure
intensity encoding were good, however, for practical reasons (spatial restrictions
for integration of stimulation electrodes in real-life prostheses), it is recommended
to focus on pure intensity feedback.
Spatial restrictions for placement of electrodes are indeed an issue, that is even
likely to become more pressing in the near future, when more and more electrodes
need to be positioned within the socket for more advanced control of increasingly
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complex and dexterous prosthetic systems. Arising from the close proximity of
stimulation and recording electrodes is the issue of interference on the EMG
caused by nearby electrocutaneous stimulation. This issue was thoroughly ad-
dressed in this work, and it was shown that electrocutaneous stimulation is still
viable, despite its influence on the quality of the EMG signal. A practical ap-
proach, namely artefact blanking, has been evaluated in the context of both classic
proportional control, as well as pattern recognition applied to multi-channel EMG
data. It was shown to be effective in restoring benchmark performance of both
control approaches as determined without any electrical stimulation. Stimulation
pulse widths of up to 400 µs in combination with an artefact occurrence frequency
of up to 150Hz could be handled without loss of control accuracy.
For on-line evaluation of its performance with direct proportional prosthesis con-
trol, a low-cost implementation of the blanking approach was chosen. This ap-
proach uses signal mirroring to provide compensatory data samples and allow a
fixed window length implementation. This limits the portion of signal that can
at most be contaminated by artefacts to 50%, which was shown to be sufficient
in the practical evaluation. In case of larger portions of the signal being unus-
able, the dynamic segmentation approach evaluated for pattern recognition can
be applied without expectation of performance loss. In fact, using root mean
square value of EMG to estimate muscle activity for direct proportional control
corresponds to one of the feature sets investigated in the classification scenario.
Additionally, with the conclusions that could be drawn from the analysis of the
stimulation artefacts themselves, the following recommendations are made in or-
der to limit the manifestation and with it impact of the stimulation artefacts in the
first place: Increase in stimulation current has far less effect on the amplitude and
duration of stimulation artefacts, than increase of pulse width. Therefore, stimu-
lation current is the preferable variable of choice to increase if perceived intensity
of the stimulation shall be increased. In doing so, however, it must be noted,
that care must be taken not to exceed certain thresholds for the current density,
as this can be harmful for the skin. As a consequence, stimulation electrode area
must be taken into account when determining safe limits of stimulation current,
as the use of smaller electrodes will result in higher current densities at the same
absolute current. However, higher current densities elicit stronger sensations,
which is why in general lower currents suffice to achieve with small electrodes the
same effect as with larger electrodes. Only as a second choice, should pulse width
be increased, e.g. when stimulation current has reached its safe limit, and the
perceived sensation is deemed to weak by the user. In general, pulse width can
be increased until approximately 40% of the signal are rendered unusable due to
artefact contamination. Only beyond that, losses in control accuracy were shown
to occur.
The feedback encodings used in subsequent studies were designed to take into ac-
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count both the findings of the first study, and the second study. Hence, feedback
could be ensured to be well perceivable, and stimulation parameters were in a
range so that the issue of stimulation artefacts was easily controllable.
Having established that, it was investigated in how far sensory feedback can be
beneficial for prostheses users in a sense that it either improves their control ac-
curacy or speeds up their mastering the use of the prosthesis. An experiment
was designed to emulate learning of routine grasping. Routine grasping is a fast
activity, where grabbing and lifting an object takes place within the fraction of a
second. This does not allow for extensive steering and modulation of the control
signal, or active contemplation of sensory feedback. Instead, it was hypothesised
that sensory feedback could facilitate learning on a trial to trial basis, where in-
formation obtained from the previous grasp attempt is taken into account when
preparing the following one. However, results of the study clearly showed that
although subjects were able to improve with time, there was no significant differ-
ence between subjects who only received basic feedback on the success or failure
of the grasp attempts, as compared to those receiving information on the cur-
rently exerted grasp force via a tactile or visual channel. Though a trend was
visible for slightly lower force variability in the group receiving tactile feedback,
all subjects were able to significantly reduce force variability and improve grasp
success. From this, it can be concluded that the very basic feedback available in
any case (observation of prosthesis and outcome of grasp attempt), is sufficient
for mastering a routine grasping task. Additional sensory feedback does not add
functional advantages for this specific scenario, but, importantly, it does not have
a detrimental effect either. This is an important finding related to the application
of sensory feedback for non-functional purposes.
For instance, it is an established benefit of both sensory feedback as well as elec-
trocutanous stimulation that it alleviates phantom limb pain [7, 60]. Associated
to that, it is hypothesised that the ability of an amputee to integrate a prosthetic
component into his body scheme has a positive effect on reversing maladaptive
plastic changes in the cortex, which are believed to be the cause for phantom
limb pain [71]. It is assumed that providing sensory feedback aids this process of
embodiment. A study was presented investigating if providing artificial sensory
feedback from a prosthetic component via electrocutanous stimulation at a site
not previously associated with the body part being replaced, can facilitate em-
bodiment of said prosthetic component. Specifically, electrocutanous stimulation
on the forearm was used to transmit touch information from the distal phalanx
of an artificial finger. Findings from the first study were employed to design a
feedback which was both intuitive and capable of transmitting high-resolution in-
formation. Results were ambiguous with regard to two outcome measures, where
one supported the approach, and the other remained indifferent. Different devel-
opment of skin temperature in test and control group confirmed that embodiment
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was achieved. In fact, a temperature offset with respect to the expected changes
in temperature was found to reduce the expected cooling of the finger. However,
since this offset was present for both control and test group, it was assumed that
either conditions, or indeed enhanced circulation due to electrocutaneous stimu-
lation introduced the temperature offset.
Regarding the expected proprioceptive drift, no differences were found between
the conditions. Members of the control group showed the same evidence of mis-
judging the position of their own finger, as members of the test group. This result
is not congruent with the results obtained from similar experiments, where sig-
nificant differences in this measure are usually observed between test and control
groups. However, work by Tsakiris and Haggard [70] suggests that propriocep-
tive drift only delivers significantly different results for test and control group if
based on the finger that has received stimuli during the experiment. As in this
study the forearm was stimulated, this could be a reason why estimation of finger
position did not result in different results for test and control group.
Many questions with respect to further possible benefits of sensory feedback in
general were left unaddressed and pose interesting directions for future research.
At that, electrocutaneous stimulation as means to provide said feedback should
be taken into account. In conclusion it was shown that electrocutaneous feed-
back is a viable approach to provide sensory feedback to amputees. Though not
necessary for mastering a routine grasping task, evidence points to its usefulness
for embodiment of prosthetic components.
Striving for innovative and demonstrable solutions that further improve the life
of amputees and seek to alleviate their loss remains a goal, that through this
work has become more achievable. It was shown that electrocutaneous feedback
can be exploited by humans in challenging control tasks, and that it plays a
significant role in the embodiment of prosthetic devices. Furthermore, the work
presented in this dissertation has established beyond doubt that any detrimental
effects of stimulation artefacts on prosthesis control can be handled by a practical
blanking and segmentation approach. These methods are now available and allow
combination of electrocutaneous stimulation with myocontrol while still ensuring
optimal control performance and self containment of the prosthesis. This pro-
vides a solid foundation for further application of electrocutaneous stimulation
feedback, and allows to finally pursue its integration into commercial devices,
making the technology and its benefits available to amputees.
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Appendix A
Modular test environment for
closed-loop prosthesis control
This appendix describes a modular test environment for closed-loop prosthesis
control, which was used as a basis for all of the studies presented in this disserta-
tion. It facilitates development and comparison of feedback approaches, control
strategies, prosthetic components or feedback interfaces under controlled and re-
peatable conditions.
The test environment was introduced to the public in a research paper enti-
tled Sensory Feedback in Prosthetics: A Standardized Test Bench for Closed-
Loop Control by S. Dosen, M. Markovic, C. Hartmann, and D. Farina c© 2014
IEEE [29], which was published in the IEEE Transactions on Neural Systems
and Rehabilitation Engineering. The following description is based on material
from that publication. Since the publication of the paper, the test environment
has been further improved in the sense that its components were converted into
a standalone library. This allows for even more flexible configuration of setups.
The test environment was implemented using Simulink (MathWorks, USA). In
order to ensure real-time execution of the test model, the test environment utilises
the the Simulink Realtime Windows Target, which bypasses the operating system
of the PC and directly allocates resources to the programme.
The two main pillars of the test environment are a component library and the
base model for a closed-loop control system.
The component library is comprised of several sub-libraries representing different
components of relevance in closed-loop prosthesis control. The basic idea is to
connect these components to form a system. The components and their role in a
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closed loop system are depicted in Fig. A.1.
Each of the depicted components is represented by a so-called block in the
Simulink model. Between these blocks, data flows as multidimensional signals,
where all the signals are normalized to intervals [0, 1] or [−1, 1]. Thus it is ensured
that all signals can be processed generically, and each implementation of a com-
ponent can expect its input signals to adhere to these well-defined ranges. As a
result, the components of this test environment can be customized into a number
of specific configurations by selecting a particular implementation for each of the
generic blocks. For each component of the system, a library of blocks to choose
from was implemented.
The input interface library implements components for the generation, acquisi-
tion and preprocessing of signals from different information sources (e.g., muscle
activity, joystick, data file). The output of this component can either be data
supplied in real time by the user (e.g., when using a joystick or myoelectric con-
trol), real-time sensor data, or predefined signals read from a file implementing
specific test scenarios. Relevant implementations for the work presented in this
dissertation are blocks for acquisition of multichannel surface EMG, single axis
analogue joystick data, and sensor data from an artificial sensor finger (BioTac,
Syntouch LLC, USA).
Input blocks conveniently feature a range of optional choices for signal pre-
processing, such as baseline correction, filtering, noise suppression or root mean
square calculation.
The control approach library provides blocks implementing different control strate-
gies for prosthesis systems. The purpose of the control approach block is to pro-
cess the input data according to a control strategy, and generate bipolar signals.
Those bipolar output signals correspond to the degrees of freedom of the con-
trolled system, for instance, in a single degree-of-freedom prosthesis with hand
opening and closing, a single bipolar control signal drives both closing and open-
ing, respectively.
The controlled system component encapsulates a low-level interface to a real or
simulated system that is controlled in the closed loop. The block implementa-
tions include drivers for hardware interfacing, as well as options for mapping the
input control signals to available system degrees of freedom. The output signals
from this type of block are in the range of [0, 1] and represent sensor data assess-
ing the current state of the system, such as joint positions or exerted interaction
force. The components relevant for this work are a block simulating an inverted
pendulum, and a block interfacing a commercial hand prosthesis (Michelangelo
hand, Otto Bock HealthCare GmbH, Germany).
The experimental task library provides optional components which allow easy
implementation and configuration of experimental protocols. Implementations























component with potential interface to physical system, e.g. data
acquisition card or prosthesis
purely virtual component, e.g. pattern recognition for prosthesis control
data flow within the model
Figure A.1: Basic components of the modular test environment for closed-loop
prosthesis control. The input interface incorporates acquisition of physical data
and provides them as input data to the component implementing the prosthe-
sis control approach. The system interface relays the control signals output by
the control component to the prosthesis, and acquires sensor data and system
states provided by the prosthesis. An optional task component can be utilised
to implement experimental protocols. Feedback information (from prosthesis or
experimental task) is subsequently encoded into stimulation patterns, which are
presented to the user on stimulation devices. These can be interfaced via the
stimulation interface component.
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experiment, and compare them to the current block input (system states and/or
sensor data provided by controlled system). The blocks output the deviation
from the target, i.e., the error signal, or a feedback variable based on that error
signal. Examples for experimental tasks are compensatory and pursuit tracking
with predefined reference trajectories, or ”reach the target window” protocols.
When the output signals of the controlled system shall be directly used as feed-
back variables, this optional component can simply be omitted when setting up
a model in the test environment.
The information encoding component translates the normalized feedback infor-
mation signals into the normalized stimulation parameters (i.e., frequency and
intensity) for a generic multichannel feedback device. Different generic informa-
tion encoding schemes can be defined and saved, e.g., single and multichannel
spatial encoding and intensity modulations. Each of the input signals, which
represent the feedback information, is assigned to the desired mapping, facili-
tating the implementation of arbitrary feedback configurations. As an example,
prosthesis aperture could be chosen to be spatially encoded using an array of
electrodes, while at the same time grasping force could be transmitted using a
single channel and intensity modulation.
Finally, the feedback interface library encapsulates low-level communication with
the device which is used to deliver the feedback. The block implementations for
this component include hardware drivers, which handle communication with the
feedback device and adjust the stimulation settings according to the normalised
feedback codes supplied by the feedback encoding component. Another impor-
tant feature of this component is that it transforms the normalised feedback codes
back into physically sensible stimulation parameters like frequency or current. To
this end, user specific ranges for each physical variable are entered and mapped to
the normalised ranges. For instance, in the case of electrocutaneous stimulation
and intensity encoding by pulse width modulation, it makes sense to map the
normalised feedback code domain to the interval delimited by the sensation and
comfort threshold pulse widths of the current user. Supported devices include
several multichannel electrical stimulators and a tactor controller. Apart from
tactile stimulation devices, also several forms of visual feedback components are
implemented in this library, e.g., signal scope, object tracking and virtual hand.
In general, implementation of new components comprises Simulink implemen-
tation of the configurable block, as well as implementation of drivers for com-
munication with hardware devices such as prosthetic components or stimulators.
ANSI C and C# were used for programming drivers, where applicable.
As mentioned before, the second main pillar of the test environment, next to the
component library, is the base model. The base model contains an exemplary
configuration of the system, including one block from each of the sub-libraries.
It further features tools to configure data logging and sampling time options as
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well as a push button to conveniently run the model.
The basic test environment model covers many cases. However, it is of course
possible to omit components if not needed for a specific experimental scenario,
or to add additional components from the provided libraries, or by directly im-
plementing custom solutions within the Simulink model.
Importantly, since the blocks share a common interface (i.e., normalized, well-
defined signals), all the components from the libraries are interoperable and can
be therefore combined with virtually no constraints.
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